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Abstract

Alterations in parathyroid glandular sensitivity to calcium may
contribute to the hypersecretion of PTH in hyperparathyroidism.
Since the cytosolic calcium concentration may mediate the
effects of extracellular calcium on PTH release, we have
employed the calcium-sensitive intracellular dye QUIN-2 to
examine the relationship between extracellular calcium, cytosolic
calcium, and PTH secretion in adult, neonatal, and cultured
bovine as well as pathological human parathyroid cells. PTH
release was measured using C- and N-terminal radioimmu-
noassays. Neonatal bovine parathyroid cells showed a greater
set-point for secretion (the Ca" concentration causing half of
the maximal inhibition of PTH release) than adult cells
(1.27±0.11 vs. 1.06±0.11 mMextracellular calcium, P < 0.01)
and a slightly higher extracellular calcium was necessary to
raise the cytosolic calcium concentration to a given level in
neonatal than in adult bovine parathyroid cells. In individual
neonatal and adult cell preparations, there was a close corre-
lation between the set-point for secretion and the "set-point"
for cytosolic calcium (r = 0.832, P < 0.001). In cells from five
human parathyroid adenomas, which had an increase in set-
point for secretion, the extracellular calcium concentration
necessary to raise the cytosolic calcium concentration to a
given level was slightly greater than in the neonatal cells. In
four preparations of human parathyroid cells there was a
significant correlation between the set-points for secretion and
cytosolic calcium (r = 0.856, P < 0.01). Because neonatal bovine
and pathological human parathyroid glands show cellular hy-
perplasia, we studied the temporal relationship between cellular
proliferation and the regulation of PTH release and cytosolic
calcium concentration in cultured bovine parathyroid cells.
Cellular proliferation, estimated by 3H-thymidine incorporation,
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increased significantly in culture from 104±10.1 counts/well
on day 1 (first 24 h in culture) to 588±188 and 6,156±649
counts/well on days 2 and 4, respectively. In cultured cells on
day 1, high Ca" (2-3 mM) inhibited maximal PTH release
by 58.8±3.2%, which decreased significantly (P <0.001) to
38.2±1.9 and 17.1±3.7% on days 2 and 4, respectively. The
cytosolic calcium observed at 3 mMcalcium on day 1 was
701±43 nM, which declined to 466±60 and 314±14 nM on
days 2 and 4 (P < 0.05). There was a close correlation between
this progressive decrease in maximal inhibition of PTI4 release
and the cytosolic calcium at high extracellular calcium in
cultured cells (r = 0.99, P < 0.001). Thus, during active
proliferation of cultured cells, there is an alteration in the
regulation of cytosolic calcium and PTH release by extracellular
calcium. These results suggest that decreased sensitivity to the
inhibitory effects of extracellular calcium on PTHrelease may
result from a low cytosolic calcium at a given extracellular
calcium concentration, and changes in the regulation of PTH
release and cytosolic calcium by extracellular calcium may be
related to enhanced cellular proliferation.

Introduction

The normal parathyroid cell shows an inverse, sigmoidal
relationship between parathyroid hormone (PTH)' secretion
and the extracellular ionized calcium concentration (1-3). In
a variety of settings, there may be changes in the sensitivity or
"set-point" (the calcium concentration half-maximally sup-
pressing PTH release) of the parathyroid gland for calcium.
For example, parathyroid tissue from hypercalcemic, neonatal
calves shows an increase in set-point for calcium bdth in vivo
(4) and in vitro (2). In primary hyperparathyroidism, patho-
logical parathyroid tissue shows an increase in set-point that
may contribute to the hypercalcemia in this disorder (3).
Parathyroid cells maintained in culture for 3-4 d also develop
reduced sensitivity to the suppressive effects of calcium on
parathyroid hormone release (5).

The elevated set-point for calcium in primary hyperpara-
thyroidism may be reduced toward normal with the divalent
cation ionophore A23187 (6). Moreover, increased extracellular
potassium concentrations, which may decrease cytosolic cal-
cium through an alteration in Na'-Ca+ exchange, promote
an increase in set-point in bovine parathyroid cells (7). Thus,
indirect evidence suggests that changes in set-point may be

1. Abbreviation used in this paper: PTH, parathyroid hormone.
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related to alterations in the regulation of the cytosolic calcium
concentration. The recent development of the calcium-sensitive
intracellular dye QUIN-2 has made it feasible to determine
directly the cytosolic calcium concentration in dispersed para-
thyroid cells (8). In the present studies, we have used QUIN-
2 to examine whether alterations in parathyroid cellular sen-
sitivity to calcium might be related to changes in the relationship
between the extracellular and cytosolic calcium concentrations.
The results suggest that decreased sensitivity to the suppressive
effects of extracellular calcium on PTH release may result
from an inappropriately low cytosolic calcium concentration
at a given extracellular calcium concentration, and that changes
in the regulation of PTH secretion and cytosolic calcium by
extracellular calcium may be related to enhanced cellular
proliferation.

Methods

Dispersed bovine and human parathyroid cells were prepared by
digestion with collagenase and DNase as described previously (3, 9).
Parathyroid cells prepared in this fashion maintain high ratios of
cellular potassium to cellular sodium (7) and have high levels of ATP
(Brown, E. M., unpublished data). Moreover, PTH release is linear for
several hours and is inhibited by up to 80% by calcium concentrations
similar to those which inhibit PTH secretion in vivo (3). Dispersed
parathyroid cells contained no visible fat cells by sudan staining or in
cytocentrifuge preparations, and showed >95% exclusion of trypan
blue.

Dispersed bovine parathyroid cells were cultured for 4 d as recently
described (5): cells were prepared under sterile conditions and plated
onto fibronectin-coated cluster wells (2 or 4 cm2; Costar, Cambridge,
MA) in DMEM-F12medium with 5 ug/ml insulin, 15% newborn calf
serum, and antibiotics (5). Plating efficiency is =34% under these
conditions and the cells approach a confluent monolayer after 3-4 d.
Cultured cells were removed from the plates with 0.25% trypsin (Gibco
Laboratories, Grand Island, NY) in Hank's balanced salt solution with
1.0 mMCaCl2 and 0.5 mMMgSO4.

For loading with QUIN-2, parathyroid cells (20 X 106/ml) were
incubated with the acetoxymethyl ester of QUIN-2 (10-20 MM) (Lan-
caster Synthesis, Ltd., Lancaster, England) at 37°C for 20 min in
Eagle's minimal essential medium (Earle's salts with bicarbonate, Ca++
and Mge' deleted) supplemented with 0.02 MHepes (adjusted to pH
7.47 with NaOH), 0.2% bovine serum albumin (BSA), 1.0 mMCaCI2,
and 0.5 mMMgSO4("standard medium") (8). The cellular suspension
was then diluted 10-fold with standard medium and incubated for an
additional 20-60 min. The cellular pellet was washed three times with
a saline solution that contained 0.025 MHepes (adjusted to pH 7.47
with NaOH), 125 mMNaCl, 5 mMKCl, I mMCaC12, 0.5 mM
MgSO4, 1 gm/L dextrose, I mMNa2HPO4, and 0.1% BSA ("saline").
The washed cellular pellet was resuspended in 3 ml of the saline
solution with 0.1% BSA for determination of cellular fluorescence at a
cellular concentration of 7-10 X 106 cells/ml. Fluorescence was mon-
itored in thermostatted cuvettes (37°C) in a Perkin-Elmer MPF3
spectrofluorimeter (excitation 339 nm, emission 492 nM). Cellular
suspensions were mechanically stirred during all experiments, except
when recording was interrupted for 10-20 s during the addition of
CaC12. Extracellular calcium was raised by the addition of 0.15 M
CaC12; direct determination of calcium concentrations in these solutions
by atomic absorption spectrometry showed that they were within 3%
of the calculated value. Fluorescence was monitored for 3-10 min
after the addition of CaC12, or until the signal was stable as specified
below. The calibration of cellular fluorescence (F) at the end of a
study was achieved by cellular lysis with the detergent Triton X-100
(0.06-0.12%, vol/vol) in 21 mMcalcium (F,,.), and after addition of
10 mMEGTAand alkalinization with I M Tris base (free calcium

I nM, Farm) to render the pH > 8.3 (10). Cytosolic calcium was

then calculated from the equation: [Ca"+] = 115 nM (F -F,,)I(F.
-F) (10).

The dissociation constant for QUIN-2 used in this calculation (1 15
nM) assumes a cytosolic free Mge' which has been arbitrarily assigned
a value of 1 mM(10). Corrections were made for any changes in the
autofluorescence of unloaded parathyroid cells at the same cell concen-
tration due to the additives used in each experiment.

PTH release was assessed by incubation of QUIN-2-loaded cells
(1-2 X 106 cells/ml) in 0.2-0.3 ml of saline at varying extracellular
calcium concentrations in parallel with studies of cellular fluorescence
in 5 ml polypropylene scintillation vials (Sarstedt, Inc., Princeton, NJ)
at 370C for 1-2 h. Supernatant samples for determination of PTH
were frozen after sedimentation of the cellular pellet at 250 g for 2
min in a desk-top centrifuge (GLC-2B, Ivan Sorvall, Inc., Norwalk,
CT). We previously showed that QUIN-2-loaded neonatal bovine
parathyroid cells do not differ from unloaded cells with respect to
trypan blue exclusion, cellular levels of ATP and K+, and calcium-
regulated PTH release (8). In the present studies, maximal rates of
PTH release at low calcium concentrations in QUIN-2-loaded adult
bovine, cultured bovine, and pathological human parathyroid cells
were 85% or more of those in unloaded cells, which suggests that
loading with QUIN-2 did not adversely affect cellular viability in these
cells as well.

Radioimmunoassay for PTH in samples from incubations with
bovine parathyroid cells was performed in duplicate on triplicate
incubation vials as previously described (9), using an anti-bovine PTH
antiserum raised in a sheep, GW-l, which recognizes intact hormone
and C-terminal fragments of PTH. In studies with human parathyroid
cells, PTH release was determined using an N-terminal antiserum
(CK-13) raised in a chicken against hPTH(1-34) (generously donated
by Dr. G. V. Segre, Massachusetts General Hospital, Boston, MA).
Samples or standards [hPTH(1-34) or bPTH(l-84)] were incubated at
4°C for 24 h with the antiserum (final dilution 1:100,000) in 0.05 M
barbital, pH 8.5, with 1:6 (vol/vol) outdated human plasma. '25bPTH(I-
84) was then added and the incubation continued for another 3-5 d
at 4°C. Tracer was purchased from Cambridge Nuclear Corp. (Billeria,
MA) and was purified by high performance liquid chromatography
(I 1) before use. Bound and free hormone were separated by precipitation
with polyethylene glycol (9). Supernatants from incubations with
dispersed human parathyroid cells generally diluted in parallel with
both hPTH(1-34) and bPTH(1-84), and results were calculated in
terms of either peptide. In some assays, bPTH(1-84) displaced
'25IbPTH(1-84) with a flatter slope than that for hPTH(1-34) or the
incubation samples. In these cases, results were expressed in terms of
hPTH(1-34). The reasons for the variability of the bPTH(1-84) in
displacing tracer are unknown. bPTH(44-68) and bPTH(53-84) did
not displace 1251-bPTH(l-84) at concentrations as high as 100 ng/tube.

Cellular proliferation was determined using 3H-thymidine incor-
poration into DNA(12). After washing the cells three times in standard
medium, the dispersed and cultured cells in cluster wells (2 cm2,
Costar, Rochester, NY) were incubated with I MCi/ml of 3H-thymidine
(New England Nuclear, Boston, MA) in standard medium at 37°C for
I h. After sedimentation of the dispersed cells in centrifuge tubes, and
aspiration of the medium from the cultured and dispersed cells, the
cells were washed on ice with Dulbecco's phosphate-buffered saline
(Gibco Laboratories, Grand Island, NY). The cells were then incubated
in 5% cold TCA for 15 min. After sedimentation of the dispersed cells
and aspiration of the TCA from the dispersed and cultured cells, the
cells were dissolved in a total of 500 M1 of 1 N NaGHand the cultured
cells were then removed from the culture plates with a rubber policeman
and transferred to centrifuge tubes. After the addition of 375 ML of
50% TCAand 60 Mul of BSA (6 mgBSA/ml sterile water) and vortexing,
the precipitate was centrifuged for 5 min at 2,500 rpm in a desk-top
centrifuge. The resulting pellet was washed two times with 5% TCA
and resuspended in 250 Ml of 0. 1 N NaOH. The incorporation of 3H-
thymidine into TCA insoluble radioactivity was then determined using
liquid scintillation spectrometry.

Cellular levels of calmodulin were determined by radioimmunoassay
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(Amersham Corp., Arlington Heights, IL) after extraction of cells with
a buffer containing 125 mMborate, I mMEGTA, and 75 mMsodium
chloride, pH 8.4. Purified porcine calmodulin was employed as the
standard in this assay because it has been previously characterized in
our laboratory (13). Results obtained using this standard were similar
to those obtained employing the standard provided with the radioim-
munoassay kit, which is extracted from rat testes. Cellular protein was
quantified using the Biorad protein method (5).

Statistical evaluation. Means have been presented with the SEM
as the index of dispersion. Statistical significance was determined with
the t test, or regression analysis and logarithmic transformation where
applicable. The null hypothesis was rejected when a P value of <0.05
was obtained.

Results

Effect of extracellular calcium on PTH release and cytosolic
calcium concentration in bovine parathyroid cells. Fig. 1 A
shows the effects of varying extracellular calcium concentrations
on PTH release from QUIN-2-loaded parathyroid cells from
neonatal calves and adult cows. The data for cells from
neonatal calves are similar to those shown previously (8) and
are included for comparison with those for cells from cows
which were studied concurrently. Maximal suppression of
PTH release was comparable with adult and neonatal parathy-
roid tissue (70 vs. 71%, respectively). Parathyroid cells from
neonatal calves showed a greater maximal secretory rate at
low calcium (0.5-1-mM concentrations) than those from cows
(5.8±0.4 vs. 2.6±0.6 ng/105 cells/h, respectively, P < 0.001),
as well as a higher set-point for calcium (1.27±0.1 1 vs.
1.06±0.11 mMextracellular Ca", respectively, P < 0.01).

When QUIN-2-loaded parathyroid cells from neonatal and
adult parathyroid tissue were resuspended in 0.5 mMcalcium

PTHRELEASE A Figure 1. (A) The effects of
varied extracellular calcium

100- concentrations on PTH release
3 \ \T in QUIN-2-loaded parathyroid

75- \ \cells from neonatal calves and
adult cows. Incubation of para-

KS so- N \thyroid cells and measurement
R +ofPTH release were carried

25 out as described in Methods.
Each point represents the

0 mean±SEMfor 18-24 obser-
800 CYTOSOL/C[CO*7 B vations from 6-8 experiments,

each assayed in duplicate. PTH
600 - [OAdit(-6F / release was normalized to per-

I *NL t(N8) centage of maximal release; ab-
:IZ400 wsolute secretory rates are given
100 in Results. (B) The effects of

varied extracellular calcium
200- concentrations on the cytosolic

calcium concentrations in neo-
natal and adult bovine para-

0 0.5 1.0 1.5 2ao thyroid cells. Parathyroid cells
EXRCLUA]m

were loaded with the acetoxy-
methylester of QUIN-2 (10-20 ,uM) as described in Methods. The
cells were washed, and cellular fluorescence of the parathyroid cell
suspension (7-10 X 106 cells/ml) was determined as extracellular
calcium was raised by 0.25-mM increments by the addition of 0.15
MCaC12. Cellular fluorescence was calibrated at the end of the
experiments and cytosolic calcium was calculated as described in
Methods. The results represent the mean±SEMfor 6-8 observations
from 3 to 4 experiments.

and exposed to progressively higher calcium concentrations,
there was a stepwise increase in cellular fluorescence (not
shown). When cytosolic free calcium concentrations were
calculated as described in Methods, there was a corresponding
rise in cytosolic calcium concentrations with increasing levels
of extracellular calcium (Fig. 1 B). Cytosolic calcium increased
more at lower levels of extracellular calcium in cells from
adult than in those from neonatal parathyroid tissue, although
this difference was not statistically significant by t testing.

The relationship between the effect of extracellular calcium
on cytosolic calcium and PTH release in neonatal and adult
parathyroid tissue. The results shown in Fig. 1 suggested that
changes in the sensitivity of the secretory process to extracellular
calcium might be related to alterations in the relationship
between the extracellular and cytosolic calcium concentrations.
To investigate this possibility further, the set-point for secretion
was plotted against the cytosolic calcium concentration at the
set-point in a series of cell preparations from neonatal and
adult bovine parathyroid tissue (Fig. 2 A). The cytosolic
calcium concentration associated with half-maximal inhibition
of secretion was independent of the set-point for PTH release,
which suggests that inhibition of hormonal secretion occurred
at similar cytosolic calcium concentrations regardless of the
extracellular calcium concentration necessary to modify these
parameters. For each cell preparation, the set-point for secretion
was then plotted against the "set-point" for cytosolic calcium
or the extracellular calcium concentration necessary to achieve
the average cytosolic calcium concentration associated with
the secretory set-point for all the cell preparations (i.e., 308
nM, see Fig. 2 A) (Fig. 2 B). There was a close correlation
(r = 0.832, P < 0.001) between these parameters for cell
preparations from neonatal and adult bovine parathyroid
tissue with set-points ranging from 0.93 to 1.48 mM.

Effect of varying extracellular calcium concentrations on
cytosolic calcium concentration and PTHrelease in pathological
human parathyroid tissue. Fig. 3 shows the relationship between
the extracellular and cytosolic calcium concentrations in dis-
persed parathyroid cells from 12 adenomas and five glands
from four patients with uremic secondary hyperparathyroidism.
In cells from these pathological human parathyroid glands, the
extracellular calcium concentration necessary to raise the
cytosolic calcium concentration to a given level was comparable
to or greater than that for neonatal bovine parathyroid cells.

For studies on the effects of extracellular calcium on PTH
release in human parathyroid tissue, an N-terminal antiserum
was employed to minimize the interpretational difficulties
inherent with the use of antisera recognizing inactive,
C-terminal fragments of the hormone. The characteristics of
this assay are described in Methods. Preliminary studies with
bovine parathyroid cells showed that the set-point for secretion
was identical when measured with the N- and C-terminal
assays (1.2+0.045 and 1.2±0.054 mM, respectively, n = 3),
although maximal suppressibility was slightly greater with the
N-assay (70±4.5 vs. 54±1.5%).

PTH release as a function of the extracellular calcium
concentration was measured in dispersed parathyroid cells
from five adenomas and three glands from patients with
uremic secondary hyperparathyroidism. Set-points using the
N-terminal assay for the adenomas and tissue showing second-
ary hyperplasia were comparable to those we have found
previously using a C-terminal assay (1.33+0.15 vs. 1.26+0.13
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Figure 3. The relationship between the extracellular and cytosolic
calcium concentrations in human parathyroid cells from 12 adeno-
mas and five glands from four patients with uremic secondary hyper-
parathyroidism. Cellular loading with QUIN 2 and measurement and
calibration of fluorescence were carried out as described above.
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Figure 2. (A) The relationship between the set-point for secretion
(calcium concentration causing half-maximal inhibition of PTH re-

lease) and the cytosolic calcium concentration at the secretory set-
point in cell preparations from neonatal (.) and adult (o) bovine
parathyroid tissue. The average cytosolic calcium associated with the
secretory set-point was 308 mM. (B) The relationship between the
set-point for secretion and the extracellular calcium concentration
necessary to achieve the average cytosolic calcium concentration
associated with the secretory set-point (308 mM)("set-point for
cytosolic calcium") in neonatal and adult bovine parathyroid cells.
The secretory set-points ranged from 0.93 to 1.48 mM. There was a

close correlation between these parameters (r = 0.832, P < 0.001).

and 1.22±0.03 vs. 1.17±0.19, respectively) (14). Figs. 4 and 5
show a comparison between the effects of extracellular calcium
on cytosolic calcium and PTH secretion in cell preparations
from four adenomas. In three, changes in PTH release and
cytosolic calcium occurred at similar levels of extracellular
calcium (Fig. 4). In one cell preparation, however, despite
extracellular calcium-induced increases in cytosolic calcium
comparable to those with adult bovine parathyroid tissue,
there was markedly impaired suppression of PTH release
(Fig. 5).

In four cell preparations in which there was >50% suppres-

sion of PTH secretion by 2-3 mMcalcium, the cytosolic
calcium concentration at which PTH release was half-maximally

suppressed averaged 304 nM, nearly identical to that for
bovine parathyroid cells (308 nM; see above). In addition, as

with adult and neonatal bovine tissue, there was a significant
correlation between the set-point for secretion and the extra-
cellular calcium concentration necessary to raise the cytosolic
calcium concentration to the average value at which PTH
release was half-maximally suppressed (r = 0.856, P < 0.01)
(Fig. 6).

Effect of extracellular calcium on PTHsecretion and cyto-
solic calcium concentration in cultured bovine parathyroid cells
as a function of the culture interval. We recently found that
bovine parathyroid cells proliferating in culture over 3-4 d
lose normal suppressibility of PTH release by extracellular
calcium similar to the most severe abnormalities in parathyroid
adenomas (5). Because this parathyroid cell culture system
might provide a model for investigating the changes in para-

thyroid function in hyperparathyroidism, we examined the
relationship between the regulation of PTH release and cytosolic
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Figure 5. The relationship between the effect of extracellular calcium
on cytosolic calcium and PTH release in one parathyroid adenoma.
PTH release and cytosolic calcium were determined as described
above. PTH release was inhibited by 29% of maximal and the
cytosolic calcium concentration increased to 565 nM at 2 mMextra-
cellular calcium. The maximal rate of PTH release was 183 pg hPTH
(1-34) equivalent/105 cells per h.

calcium by extracellular calcium in cultured cells. Fig. 7 A
demonstrates the effect of extracellular calcium on PTH secre-
tion in QUIN-2-loaded, cultured neonatal bovine parathyroid
cells as a function of the culture interval, and in acutely
dispersed, neonatal bovine parathyroid cells for comparison
(8). The sequential changes start with day 1, or the first 24 h
in culture. Similar to acutely dispersed cells, which display a
50-75% inhibition of maximal PTH release at high extracellular
calcium (2-3 mM), cultured parathyroid cells on day 1 showed
a 58.8±3.22% inhibition of maximal PTH release (n = 12)
(Fig. 7 A). The set-point in cultured cells on day 1 was 1.35
mMcalcium, slightly higher than the value of 1.30 mM
calcium observed with acutely dispersed cells. As cultured
parathyroid cells proliferated in culture, however, the percentage
of maximal inhibition of PTH release decreased to *38.2±1.86%
(n = 14) on day 2 and then to *17.1±3.73% on day 4 as the
cells approached confluency (*P < 0.001 compared with day
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Figure 6. The relationship between the set-point for secretion and the
set-point for cytosolic calcium (the extracellular calcium concentra-
tion necessary to raise the cytosolic calcium concentration to the
average value at which PTH release was half-maximally suppressed)
in four parathyroid adenomas. There was a close correlation
(r = 0.856, P < 0.01) between these two parameters (solid line). The
dashed line indicates the relationship between these parameters for
bovine parathyroid cells.
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Figure 7. (A) The effect of extracellular calcium on maximal PTH
release in dispersed and cultured neonatal bovine parathyroid cells as
a function of the culture interval. PTH release (percentage of maxi-
mal) was determined in QUIN-2-loaded parathyroid cells as de-
scribed in Methods. Absolute secretory rates are given in Results.
Each point represents the mean±SEMfrom 6 to 30 observations
each assayed in duplicate on triplicate incubation vials. (B) The effect
of extracellular calcium on cytosolic calcium concentration in dis-
persed and cultured bovine parathyroid cells as a function of the
culture interval. Cytosolic calcium was measured as described in
Methods. Each point represents the mean±SEMfrom 4 to 13 experi-
ments.

1). While acutely dispersed, neonatal cells showed a maximal
secretory rate of 5.8±0.4 ng PTH/105 cells/h (n = 30), the
maximal secretory rate in cultured cells removed from culture
plates with trypsin (see Methods) was 3.38±0.215, 2.60±0.279,
and 4.16±0.474 ng PTH/105 cells per h on days 1, 2, and 4,
respectively (n = 6-15). Because maximal hormonal secretion
was less than previously reported in cultured cells incubated
on the culture plates compared with those exposed to trypsin
(9.3±0.8 vs. 4.16±0.474 ng PTH/105 cells/h on day 4) (5), we
studied the effects of high calcium (2-3 mM)on the inhibition
of maximal PTH release in cells on the culture plates and
those exposed to trypsin. In cultured cells in culture wells vs.
those trypsinized and incubated in scintillation vials, the
percentage of maximal suppression of PTH secretion at high
calcium was *55.5±2.06 vs. 58.8±3.22% on day 1, *38.6±4.45
vs. 38.2±1.86% on day 2, and, as shown previously,
*19.44±4.18 vs. 17.1±3.73% on day 4 (*P < 0.05, n = 12-
24) (5). Thus, while trypsinization may have contributed to
the reduced maximal secretory rate observed here, it had no
effect on the sensitivity of the parathyroid cells to calcium.
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To assess whether the progressive reduction in the sensitivity
of PTH release to extracellular calcium in cultured cells was
due to a change in the relationship between the extracellular
and cytosolic calcium concentrations, we measured the cytosolic
calcium concentration in cultured cells. The effects of varied
extracellular calcium concentrations on the cytosolic free cal-
cium concentrations in cultured cells studied sequentially from
days 1-4 are shown in Fig. 7 B. The cytosolic calcium
concentrations of dispersed parathyroid cells at varied extra-
cellular calcium concentrations are also included in Fig. 7 B
for comparison. On day 1, before the development of the
reduced sensitivity of PTH secretion to extracellular calcium
in cultured parathyroid cells, basal cytosolic calcium concen-
tration decreased from 179±7.6 nM in dispersed to 106±8.5
nM in cultured cells (P < 0.001), and there was a shift in the
relationship between extracellular and cytosolic calcium con-
centrations to the right, which indicated that a higher extra-
cellular calcium concentration was necessary to raise the
cytosolic calcium concentration to a level comparable to that
in the dispersed cells (Fig. 7 B). At 3 mMextracellular calcium,
however, the cultured cells on day 1 achieved a cytosolic
calcium concentration of 701±43.1 nM (n = 4), which was
not significantly different from the value of 646±68 nM
observed in dispersed cells at 2 mMextracellular calcium (P
> 0.05). With the decline in calcium sensitivity of PTH release
to extracellular calcium in cultured cells on day 2 and subse-
quently on day 4, the cytosolic calcium concentration achieved
at high extracellular calcium (3 mM) was *466±59.7 nM on
day 2 and **314±13.5 nM on day 4 of the culture interval
(*P < 0.05 and **P < 0.001, compared with day 1). Using
linear regression analysis, the progressive decrease in the
percentage of maximal inhibition of PTH release in cultured
cells correlated with the reduced rise in cytosolic calcium
concentration at 3 mMextracellular calcium from day 1 to
day 4 (r = 0.99, P < 0.001).

To exclude the possibility that the reduced rise in cytosolic
free calcium concentration was a consequence of a change in
the amount of the calcium-binding protein calmodulin, we
measured the amount of calmodulin corrected for cellular
protein in cellular extracts of cultured cells from day 1 to day
4. The amount of calmodulin in cultured cells on days 1, 2,
and 4 was 4.6±1.2, 4.1±0.3, and 3.6±0.3 ug/mg of protein,
respectively (n = 6-7, P > 0.05).

Cellular proliferation in dispersed and in cultured bovine
parathyroid cells as a function of the culture interval. To
examine the association between changes in cellular prolifera-
tion and the regulation of PTH release and cytosolic calcium
by extracellular calcium, we studied 3H-thymidine incorporation
into DNAin acutely dispersed and cultured bovine parathyroid
cells as a function of the culture period. The 3H-thymidine
incorporation into DNA in acutely dispersed cells was
35.7±5.24 counts2 (n = 23). As demonstrated in Fig. 8, DNA
synthesis increased significantly in cultured bovine parathyroid
cells, resulting in an increase in 3H-thymidine incorporation
from *104±10.1 counts/well on day 1 to **588±188 counts/
well on day 2 and *6,156±649 counts/well on day 4 (*P
<0.001, and **P < 0.01, compared with acutely dispersed

2. 3H-Thymidine incorporation in acutely dispersed cells was measured
in 170,000 cells which corresponded to the number of viable cells per
well after 15-17 h in culture.

Figure 8. 3H-thymidine in-
Bovine PbrothwodCOflS corporation into DNAin

6000 - 0 AcuelDsred acutely dispersed cells2 and
Cultured cultured bovine parathyroid

3000 / cells (counts [cpmj/well) as

a function of days in cul-
ture. The cells were incu-
bated with I MCi/ml of
3H-thymidine in standard
medium at 37°C for 1 h.

R _W gThe incorporation of 3H-
thymidine into TCA-insol-
uble radioactivity was then

3Wc ~ / determined as described in
Methods. Each point repre-

(>-12 3 4 sents the mean±SEMof
DAYS 17-24 observations.

cells, n = 17-21). Wehave previously shown that viable cell
number increased significantly from 289,000±63,000 cells/
well on day I to 530,000±60,000 cells/well on day 4 (n = 6;
P <0.02). This increment in cell number, when plotted
semilogarithmically against time, revealed a doubling time of
-4 d. Total cellular protein also increased significantly from
40.00±1.40 Ag/well on day 1 to 177.60±57.10 jig/well on day
4 (n = 9; P < 0.035) (5). Thus, this 59-fold increase in
3H-thymidine incorporation from day 1 until day 4 corre-
sponded to an approximately twofold increment in cell number
and fourfold increase in cellular protein (5). Autoradiographic
studies on near confluent monolayers of cultured parathyroid
cells (day 4) revealed uptake of [3H]thymidine predominantly
in the parathyroid cells, with only 6.73±1.26% of the labeled
nuclei representing spindle-shaped cells, which were presumably
fibroblasts (n = 4). There was a significant correlation between
the temporal changes in 3H-thymidine incorporation and both
maximal suppression of PTH release (r = -0.997, P < 0.01)
as well as cytosolic calcium concentration (r = -0.995,
P < 0.01) at high extracellular calcium (2-3 mM).

Discussion

The mechanisms by which extracellular calcium regulates PTH
release have not been established with certainty. We recently
showed a close correlation between the effects of extracellular
calcium on PTH release and cytosolic calcium in dispersed
bovine parathyroid cells (8). Since the effects of elevated
extracellular calcium concentrations on PTH release can be
mimicked by addition of the divalent cation ionophore iono-
mycin at a fixed calcium concentration (15), the cytosolic
calcium concentration per se may be an important intracellular
mediator of hormonal secretion. It is possible, therefore, that
alterations in the sensitivity of parathyroid tissue to extracellular
calcium result from changes in the relationship between the
extracellular and cytosolic calcium concentrations. The present
results suggest that there is a close relationship between the
effects of extracellular calcium on cytosolic calcium and PTH
release in bovine and pathological human parathyroid tissue
with widely varying sensitivities to calcium.

Keaton et al. (4) have demonstrated in vivo that neonatal
calves, unlike adult cows, are hypercalcemic, and display
reduced sensitivity to the inhibitory effects of calcium on PTH
release. Our in vitro studies have confirmed and extended
these observations by showing that the set-point for secretion
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was significantly greater in neonatal than adult bovine para-
thyroid cells (1.27 vs. 1.06 mMcalcium), and that in neonatal
parathyroid cells a higher extracellular calcium concentration
was necessary to raise the cytosolic calcium concentration to
a level comparable to that in the adult bovine cells (Fig. 1 B).
Moreover, our results indicated that changes in PTH release
were closely linked to changes in the cytosolic calcium con-
centration, in that there was a significant correlation between
the set-point for secretion in neonatal and adult bovine para-
thyroid cells and the extracellular calcium concentration nec-
essary to achieve the mean cytosolic calcium concentration
(308 nM), at which half-maximal inhibition of PTH release
occurred (Fig. 2 B) (r = 0.832, P < 0.001).

Keaton et al. (4) have suggested that the increase in
parathyroid glandular set-point for calcium and associated
hypercalcemia in the neonatal calf may be a model for human
hyperparathyroidism. In fact, there is a decreased sensitivity
to the suppressive effects of extracellular calcium on PTH
release in both primary and secondary hyperparathyroidism
(16-18). It was of interest, therefore, to compare the effects of
extracellular calcium on cytosolic calcium and PTH release in
pathological human parathyroid cells.

Because bPTH(1-84) and supernatants from human para-
thyroid cells do not dilute in parallel in our C-terminal PTH
assay, we used an N-terminal assay to compare the effects of
extracellular calcium on PTH release and cytosolic calcium in
pathological human parathyroid tissue. In addition, the use of
an N-terminal assay largely obviates the difficulties inherent
in interpreting secretory data in which there may be release of
inactive C-terminal fragments of PTH. While characterizing
this assay, we observed that the set-points for secretion
in primary and secondary hyperparathyroidism using the
N-terminal assay were similar to those we reported previously
using a C-terminal assay (1.33±0.15 vs. 1.26±0.13 and
1.22±0.03 vs. 1.17±0.19 mM, respectively) (14). In addition,
the set-points for secretion in neonatal bovine parathyroid
cells were identical in the N- and C-terminal assays (1.2±0.045
and 1.2±0.054, respectively). These results suggest that the
two assays yield comparable estimates of parathyroid cellular
sensitivity to calcium.

In parathyroid adenomas, a slightly greater extracellular
calcium was necessary to raise the cytosolic calcium to a given
level than in neonatal bovine cells, which is consistent with
the slightly higher secretory set-point in the former. In four of
five adenomas studied here, changes in PTH release and
cytosolic calcium occurred over a similar range of extracellular
calcium concentrations. Moreover, the cytosolic calcium con-
centration at which there was half-maximal inhibition of PTH
secretion was nearly identical to the value found in dispersed
bovine parathyroid cells (304 vs. 308 nM, respectively). As
with the adult and neonatal bovine parathyroid cells, there
was a significant correlation in a small number of cases
between the set-point for secretion and the set-point for
cytosolic calcium, or the extracellular calcium concentration
necessary to raise cytosolic calcium concentration to the
average value at which PTH was half-maximally suppressed (r
= 0.856, P < 0.01). This suggests that the sensitivity of PTH
secretion to calcium in bovine as well as pathological human
parathyroid tissue is related to the cytosolic calcium concen-
tration.

In one parathyroid adenoma, however, there was only 29%
suppression of maximal PTH release at 2 mMcalcium despite

an increase in the cytosolic calcium to levels comparable with
that in adult bovine parathyroid cells. The poor suppressibility
of this cell preparation in the presence of an elevated cytosolic
calcium suggests a defect distal to the mechanisms which
regulate the cytosolic calcium concentration. Wehave previ-
ously shown that there is considerable heterogeneity in the
suppressibility of PTH release from pathological human para-
thyroid tissue by calcium (3, 16). Unlike hyperparathyroid
tissue, which displayed a .50% suppression of PTH release
and a reduction in the set-point for calcium in the presence
of the calcium ionophore A23187, parathyroid adenomas that
were resistant to the effects of extracellular calcium on hormone
secretion also showed no effects of the calcium ionophore on
PTH secretion (6). Thus, it is possible that there are two
defects in hyperparathyroidism, one in which the resistance to
the suppressive effects of extracellular calcium on PTH release
results from an inappropriately low cytosolic calcium at a
given extracellular calcium concentration, and the other in
which there is a defect at a site distal to regulation of the
cytosolic calcium concentration. Alternatively, factors in ad-
dition to the cytosolic calcium concentration may control the
effects of calcium on PTH release.

In the absence of data relating changes in extracellular
calcium concentration to alterations in cytosolic calcium con-
centration in normal human parathyroid cells, results with
pathological human parathyroid cells must be interpreted with
caution. The set-point for normal human glands, however, is
close to that for adult cows (1.0 vs. 1.06 mM, respectively)
(3). Moreover, the similarity in the relationship between changes
in the sensitivity of PTH release and cytosolic calcium in
bovine and pathological human parathyroid cells suggests a
close linkage between the regulation of cytosolic calcium and
hormonal secretion in both species.

Pathological human (3, 16-18) and neonatal bovine (2, 4)
parathyroid tissue both show alterations in the regulation of
PTH release by extracellular calcium and increases in parathy-
roid cell mass (19-21), which suggest an association between
changes in parathyroid cell secretory function and enhanced
cellular proliferation. Our recent development of in vitro
techniques for establishing primary cell cultures of bovine
parathyroid cells (5) has enabled us to investigate the relation-
ship between cellular replication and parathyroid secretory
function. As cultured parathyroid cells proliferated in vitro,
there was a gradual decline in the sensitivity of PTH release
to extracellular calcium, which correlated with a progressive
decrease in the cytosolic calcium concentration at high calcium
(r = 0.99, P < 0.001). Thus, like neonatal bovine parathyroid
cells and parathyroid adenomas, the reduced sensitivity of
PTH secretion to extracellular calcium in cultured bovine
parathyroid cells appears to be related to this decreased rise in
cytosolic calcium relative to extracellular calcium.

Because an increase in the amount of the calcium-binding
protein calmodulin might lead to an enhanced buffering ca-
pacity for calcium, thereby producing a decrease in the cytosolic
free calcium concentration, we measured the amount of cal-
modulin in cultured cells. These results revealed that the
amount of calmodulin corrected for cellular protein did not
change over the culture interval and could not, therefore,
account for the decrease in the cytosolic free calcium concen-
trations at high extracellular calcium concentrations.

To define further the association between the changes in
secretory function and cellular proliferation, we studied the
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temporal relationships between changes in cellular proliferation
and the regulation of PTH release and cytosolic calcium by
extracellular calcium over the culture interval. Cultured cells
undergo a 59-fold increment in 3H-thymidine incorporation
into DNAbetween days 1 and 4. As shown previously, this
increase in 3H-thymidine incorporation over 4 d corresponded
to a twofold increment in cell number and a fourfold increase
in cellular protein (5). DNAsynthesis was initiated within the
first 24 h of the culture period, as 3H-thymidine incorporation
DNAon day 1 was significantly greater than the 35.7±5.24
counts observed in acutely dispersed cells. Preceding the de-
velopment of the reduced sensitivity of hormonal secretion to
extracellular calcium, there was a significant decrement in the
basal cytosolic calcium concentration on day 1 which coincided
with the onset of active cellular proliferation. It is possible,
then, that this low cytosolic calcium concentration promoted
the enhanced cellular proliferation observed in these cells and
that, as postulated by Parfitt (22) and others, the parathyroid
cell divides to maintain an increased hormonal output at a
lower calcium concentration. The changes in cellular prolifer-
ation as a function of the culture interval correlated significantly
with the gradual reduction in the effects of high extracellular
calcium on PTH release (r = 0.997, P < 0.01) and cytosolic
calcium (r = 0.995, P < 0.01). Although it is possible that the
increment in 3H-thymidine incorporation into DNAobserved
in the cultured cells was due to the enhanced cellular prolif-
eration of other cell types, such as fibroblasts, autoradiographic
studies revealed uptake of 3H-thymidine predominantly in
parathyroid cells. Moreover, while the change in 3H-thymidine
incorporation into DNAcould have been a consequence of an
increase in the intracellular pool of thymidine, or a decrease
in thymidylate synthetase (12), three parameters of cellular
proliferation provided evidence that cellular proliferation was
enhanced in vitro. Thus, in cultured bovine parathyroid cells,
with the onset and during the active period of cellular prolif-
eration, there is an alteration in the regulation of cytosolic
calcium and PTH release by extracellular calcium, which
indicates that there is an association between changes in
cellular proliferation and secretory function.

Because of the similarities between cultured bovine para-
thyroid cells and neonatal bovine and pathological human
parathyroid cells, it is possible that the abnormal secretory
function in the latter two cell types may be causally related to
enhanced proliferative activity as well. Although we did not
determine 3H-thymidine incorporation or other indices of
cellular proliferation in pathological cells, it is of interest that
Lloyd et al. (23) measured 3H-thytidine incorporation in
parathyroid adenomas and found that DNAsynthesis correlated
with the preoperative serum PTH and calcium concentration,
but not with tumor weight. These studies suggest that more
severe secretory abnormalities are produced by parathyroid
adenomas undergoing more active cellular proliferation.

Differentiated cellular function may be controlled by the
state of cellular proliferation. As demonstrated in other tissues,
rapidly proliferating cells may lose the ability to express certain
physiologic characteristics (24, 25). Inhibition of cellular rep-
lication, for example, by causing a growth arrest in the GI
stage of the cell cycle, has, in turn, induced the differentiated
function of certain cells. Growth arrest in the GI stage of the
cell cycle has been achieved by contact inhibition of proliferating
cells, or by growing the cells in a medium deficient in growth
factors or other nutrients (26-28). A reduction in the prolif-

erative activity of cultured parathyroid cells, or possibly para-
thyroid adenomas, may therefore result in the normalization
of the phenotypic expression of these cells. A further under-
standing of the association between changes in proliferation
and cellular function may provide important clues to the
pathogenesis and perhaps treatment of hyperparathyroidism
and other endocrine neoplasias.
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