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A B S T R A C T The present study determined the ef-
fects of 1,25-dihydroxycholecalciferol on serum im-
munoreactive parathyroid hormone and on parathyroid
hormone secretion in vitro. Rats injected i.p. with 1,25-
dihydroxycholecalciferol, 130 pmol (2 U)/140 g body
wt, which is probably a physiologic dose, had a sig-
nificant 43% decrease in serum immunoreactive para-
thyroid hormone at 4 h. In addition, this dose of 1,25-
dihydroxycholecalciferol inhibited the serum immuno-
reactive parathyroid hormone response to hypocalcemia
induced by phosphate injection. Because the increment
in serum immunoreactive parathyroid hormone was less
but the decrement in serum calcium more in phosphate
plus 1,25-dihydroxycholecalciferol-treated than in phos-
phate plus vehicle-treated rats, the impaired serum
immunoreactive parathyroid hormone response to 1,25-
dihydroxycholecalciferol could not be attributed to the
change in serum calcium. In studies of parathyroid hor-
mone secretion from bovine parathyroid tissue in vitro,
the concentration of 1,25-dihydroxycholecalciferol used
for most experiments was 1 nM, which is in the range
found in rat serum. 1,25-Dihydroxycholecalciferol at
1 or 100 nM significantly inhibited parathyroid hor-
mone secretion when medium calcium concentration
was normal (1.5 mM), high (3.0 mM), and low (1.0
mM). Maximum inhibition ranged from 19 to 74%;
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inhibition was generally seen after 2 h of incubation;
and inhibition was sustained or progressive thereafter.
Vitamin A, 0.1 /iM, caused a marked stimulation of
parathyroid hormone secretion. 1,25-Dihydroxycholecal-
ciferol at 1 nM markedly reduced (44%) the effect of
vitamin A to stimulate parathyroid hormone secretion.
This effect of 1,25-dihydroxycholecalciferol was maxi-
mal at 1 h and persisted thereafter. Another steroid, hy-
drocortisone, 10 jtM, did not inhibit parathyroid hormone
secretion, suggesting that the 1,25-dihydroxycholecal-
ciferol effect was not a nonspecific inhibitory effect on
parathyroid cells. Because other workers have shown
that parathyroid hormone directly stimulates 1,25-di-
hydroxycholecalciferol secretion, our results are con-
sistent with the concept that there is a feedback loop
where parathyroid hormone directly stimulates secre-
tion of 1,25-dihydroxycholecalciferol, which in turn
directly inhibits secretion of parathyroid hormone.

INTRODUCTION
Recent studies showing that vitamin D must undergo
chemical transformations before it is metabolically ac-
tive (1-4) have aroused new interest in the target
actions of vitamin D. 1,25-Dihydroxycholecalciferol
(1,25-(OH)2D3) :Lis an important biologically active

'Abbreviations used in this paper: % B/F, percent
bound/free; ECF, extracellular fluid; iPTH, immunore-
active parathyroid hormone; 1,25-(OH)2D3, 1,25-dihydroxy-
cholecalciferol; 25-OHD3, 25-hydroxycholecalciferol; PTH,
parathyroid hormone; TPTX, thyroparathyroidectomized.
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metabolite of vitamin D (5, 6). The classical target
organs of vitamin D metabolites are gut, bone, and
kidney (7, 8). Additionally, Lumb and Stanbury sug-
gested from a number of clinical observations in pa-
tients with vitamin D deficiency (viz, serum immuno-
reactive parathyroid hormone [iPTHI higher than ex-
pected for the level of serum calcium) that vitamin D
metabolites may directly inhibit parathyroid hormone
(PTH) secretion (9). Moreover, Oldham, Arnaud, and
Jowsey found that in vitamin D-deficient puppies treated
with 25-hydroxycholecalciferol (25-OHD3) there was
a decrease in serum iPTH that could not be attributed
to an increase in serum calcium (10). Oldham and
.co-workers also isolated a calcium-binding protein
from normal procine parathyroid tissue (11). Finally,
Arnaud suggested that a deficiency of 1,25-(OH)2D3
in renal failure might result in an inability of extra-
cellular fluid (ECF) calcium to suppress PTH secre-
tion (12). These findings raise the possibility that ac-
tive vitamin D metabolites have a direct action on
parathyroid gland. To test this possibility, iPTH levels
were measured in serum from rats injected with 1,25-
(OH)2D3 and in media from cultured bovine parathy-
roid tissue treated with 1,25-(OH)2D3.

METHODS
The 1,25-(OH)2D3 used in this work was prepared from
25-OHDs (generously supplied by Dr. J. Babcock, The
Upjohn Company, Kalamazoo, Mich.) via incubations in
vitro with mitochondria from kidneys obtained from rachitic
chicks as previously described (13).

Rat studies. Male Holtzman rats, weighing about 140
g, were fed a diet containing 0.6%o calcium, 0.6%o phos-
phorus, and 2 IU of vitamin D3/g of diet. Four experi-
ments were done to evaluate the effects of 1,25-(OH) 2Ds
and/or i.p. phosphate and i.v. calcium on serum iPTH:
(Exp. 1) Rats were given 130 pmol (2 U) of 1,25-
(OH) 2D3 or vehicle (95% ethanol, 0.2 ml) i.p. Four h later,
blood was obtained by tail vein for measurement of serum
calcium (14) and serum iPTH. (Exp. 2) At zero time one
group of rats was injected i.p. with vehicle and another
group with 130 pmol of 1,25-(OH)2D3. Immediately there-
after, both groups were given 1.5 meq of phosphate (Na2-
HPO4 and KH2PO4, pH 7.4) i.p. A control group was
injected with saline and vehicle but not phosphate. Blood
was obtained by tail vein 4 and 8 h later for serum calcium
and iPTH analyses. (Exp. 3) The effect of a larger dose
of phosphate, i.p., 2.0 meq, on serum calcium and iPTH
was evaluated. (Exp. 4) The acute effect of i.v. calcium
on serum iPTH was evaluated as follows. The test group
was infused with calcium i.v. as CaC12, 0.2 mg Ca/min per
150 g, for 8 min. The control group was infused with i.v.
saline over the same time interval. In both groups, blood
was obtained by cardiac puncture at 2, 4, 6, and 8 min for
measurement of serum calcium (14) and serum iPTH.
Total volume infused per rat in both groups was 0.4 ml.
The animals were under light ether anesthesia during the
8-min experiment.

Rat serum iPTH assay. The method used to perform
this assay was similar to that described by Arnaud, Tsao,
and Littledike for human serum iPTH (15). Highly puri-

fied bovine PTH, generously supplied by Dr. J. Hamilton,
Kansas City, Mo., was used to prepare the iodinated tracer
and as the standard for the assay. Iodination of the hormone
with 'I of high specific activity (Industrial Nuclear Co.,
Inc., St. Louis, Mo.) was accomplished by the Berson and
Yalow modification of the method of Greenwood and asso-
ciates (16). The iodinated PTH was purified with QUSO
G-32 (Philadelphia Quartz Co., Chester, Pa.) as described
by Yalow and Berson (17). The antiserum used, generously
supplied by Dr. C. Arnaud, Mayo Clinic, Rochester, Minn.,
was chicken-12 anti-bovine antiserum, which predominantly
detects the region of bovine PTH that is carboxyl-ter-
minal to amino acid residue 34.'

Incubation mixtures contained diluent, chicken-12 anti-
bovine antiserum at a final dilution of 1: 2,200, different
amounts of standard bovine PTH, and 100 /.d of "un-
known" rat serum. Diluent contained 9 parts 0.1 M bar-
bital buffer, pH 8.6, with 500 U/ml of Trasylol (FBA
Pharmaceuticals, Inc., New York) and 1 part hypopara-
thyroid serum. After the mixtures were incubated on a
shaker at 4VC for 3 days, 200 4tl of tracer in barbital buffer
containing approximately 10,000 cpm was added to the above
incubation mixtures and incubation was then carried out for
an additional 2 days. Bound 'I-PTH and free 131I-PTH
were separated by the dextran-coated charcoal method
(15). Supernates and precipitates were then counted in a
Nuclear Chicago 1185 automatic gamma counter (Searle
Analytic Inc., Des Plaines, Ill.). Corrections were made
for nonspecific incubation damage, which ranged from 4.6
to 9%. Also, the final results were corrected for blank
values obtained with hypoparathyroid serum by a proce-
dure similar to that described by Arnaud and associates
(15).

Curves of percent bound/free (% B/F) as a function of
bovine PTH and of rat serum containing a high level of
iPTH (obtained from calcium-deficient and vitamin D-
deficient rats) were superimposable between about 90 and
30% (Fig. 1). Accordingly, this curve was used to deter-
mine rat serum iPTH in bovine PTH equivalents. Control
and test serum samples from individual experiments were
measured in the same assay. The intra- and interassay co-
efficients of variation of serum iPTH were +8 and ±15%,
respectively. With this assay, wehave demonstrated changes
in serum iPTH in the appropriate direction under condi-
tions known to alter serum PTH. Accordingly, serum
iPTH was detectable in about 99% of control rats; unde-
tectable in severely hypocalcemic (serum calcium about
5.5 mg/100 ml) thyroparathyroidectomized (TPTX) rats
on a control diet; decreased 38% in intact rats during i.v.
infusion of calcium (Fig. 2); increased 118%o when serum
calcium was decreased 8% (Fig. 4); increased 301% when
serum calcium was decreased 34% (Table I); and increased
more than 10-fold in chronically hypocalcemic rats (serum
calcium 5.1 mg/100 ml at time of assay; see Fig. 1).

In vitro studies of the iPTH secretion rate. Because
the technique used to measure the rate of bovine PTH
secretion in vitro and the application of this technique to
study PTH secretion have been described previously (18-
20), only a brief description of this technique will be
given. In each flask, freshly collected bovine parathyroid
tissue, weighing about 20 mg, was incubated at 370 C in
Eagle's medium with 10% calf serum (total volume 2 ml)
under an atmosphere of 95% 02: 5% C02. There were
four flasks per group. Initial calcium concentration of the
medium was 1.5 mM. The 1st h of incubation served as

2Arnaud, C. Personal communication.
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1-34 was significantly greater than zero, and the slope of %
B/F as a function of molar concentration of bovine PTH
1-84 was significantly greater than the slope with bovine
PTH 1-34. Therefore, because both standards exhibited
competition with tracer and because bovine PTH 1-84 ex-
hibited greater competition than bovine PTH 1-34, this
antiserum detects both amino and carboxyl terminals of bo-
vine PTH. However, based on the data from this experi-
ment, the sensitivity of this antiserum was greater for the
carboxyl than for the amino terminal of bovine PTH. The
final results were corrected for blank values obtained with
unused medium in a manner similar to that described by
Arnaud and associates for serum (15). In the bovine PTH
assay, the intra- and interassay coefficients of variation were
±8 and ± 13%, respectively. Media from individual experi-
ments were analyzed in the same assay. Analysis of vari-
ance or Student's t test was used to determine statistical

0.5 significance (21).0.2
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FIGURE 1 Standard curve for rat serum iPTH assay.
% B/F are shown as a function of the amount of purified
bovine PTH and of rat serum containing a high level of
iPTH. The serum was obtained from rats fed a diet con-
taining 0.01% calcium and no vitamin D for 4 wk. Serum
calcium was 5.1 mg/100 ml and serum iPTH was > 3,000
pg/ml compared with about 200 pg/ml in rats fed a normal
diet. The two sets of data give superimposable curves.
These results were duplicated in a second study (not
shown). Also, for the bovine PTH standard curve, the
coefficients of variation (interassay variance from eight
different assays) ranged from +3 to ±12% for % B/F
values between 90 and 30%o B/F.

the equilibration period and the corresponding incubation
medium was not analyzed. Medium collected during the 2nd
h of incubation was used to determine the basal secretion
rate. The parathyroid tissue samples were then incubated
in media containing normal calcium (1.5 mM), low calcium
(1.0 mM), or high calcium (3.0 mM), and the following
agents alone or in combination were added: 1,25-(OH)2Ds,
final concentration 1 or 100 nM; retinol (vitamin A), final
concentration 0.1 ,uM; hydrocortisone, final concentration
10 AM; and vehicle (ethanol, final concentration 0.2% ex-
cept in the hydrocortisone experiment in which it was
0.1%). (Ethanol was used to dissolve 1,25-(OH)2Ds, vita-
min A, and hydrocortisone.) Time-matched control tissues
were run in every experiment. To determine PTH secre-
tion rate, medium iPTH was analyzed at 30- or 60-min
intervals (at which time medium was changed) by a slight
modification of the PTH radioimmunoassay method de-
scribed by Arnaud and associates (15), and the rates were
expressed as picograms of PTH/milligram wet wt per hour.

The antiserum used in this assay, GP-8, was developed
by Dr. G. A. Williams. The portions of the bovine PTH
molecule recognized by this antiserum were assessed by
comparing the ability of two PTH standards (synthetic bo-
vine PTH 1-34 [Beckman Instruments Inc., BioProducts
Dept., Palo Alto, Calif.] which contains only the amino-
terminal end of the PTH molecule, and purified bovine
PTH 1-34 [Wilson Laboratories, Chicago, Ill.] which con-
tains both amino and carboxyl terminals of the molecule)
to compete with tracer in the assay system. The slope of %o
B/F as a function of molar concentration of bovine PTH
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FIGuRE 2 Serum calcium and iPTH in normal rats in
response to i.v. calcium infusion. Test group was infused
i.v. with calcium as CaCl2, 0.2 mg/min between 0 and 8
min. The control group was infused i.v. with saline over the
same time interval. Mean±+SE of 11 rats per group. Serum
calcium was significantly increased (P < 0.001) at 2 min
and thereafter. Serum iPTH was significantly decreased
(P <0.02) at 8 min. Data are plotted as a percentage of

control values.
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TABLE I
Serum Calcium and iPTH 4 h after Injection of Phosphate (PO4) or P04 Plus 1,25-(OH)2Da

Serum calcium Serum iPTH

Percent Percent
change change
from from

Agents injected Concentration control P Concentration control P

mg/100 ml pg/100 ml
Exp. 2*

Saline plus vehicle (control) 11.1 40.31 224 ± 103
P04, 1.5 meq, plus vehicle 10.440.7 -8 <0.02 489+140 118 <0.001
P04, 1.5 meq, plus 1,25-(OH)2D3, 2 U 9.040.9 -19 <0.001 2854109 27 NS

Exp. 3
Saline (control)§ 10.740.1 140±109
P04, 2.0 meq 7.1±1.0 -34 <0.001 562±137 301 <0.001

* Data at the 4-h time interval from exp. 2; also see Fig. 4.
Mean±SD.

§ Control data for the P04, 2.0 meq. This experiment was done at a different time than the experiment comprising the remainder
of the results in this table.

In this in vitro assay system, PTH secretion from bo-
vine parathyroid tissue into medium changed in the appro-
priate direction in response to changes in medium calcium
concentration. Accordingly, PTH secretion increased when
the medium contained a low calcium concentration and
decreased when the medium contained a high calcium con-
centration (18) (Figs. 5 and 6).

RESULTS

Effects of 1,25- (OH) .D3 on serum iPTH in rats.
In normal rats 4 h after i.p. injection of 1,25-(OH)2Ds,
as compared with rats injected with vehicle, there was
no change in serum calcium but a statistically signifi-
cant 43% decrease in serum iPTH (Fig. 3).' Thus,
1,25- (OH) 2D3 treatment caused a decrease in basal
serum iPTH that could not be attributed to an increase
in serum calcium.

In another experiment the effect of 1,25- (OH)2Ds
treatment on the serum iPTH response to hypocalcemia
induced by phosphate injection was evaluated (Fig. 4).
In the vehicle-treated group, compared with the control
group (which received vehicle plus saline but not phos-
phate), phosphate injection caused a significant de-
crease in serum calcium at 4 h (P < 0.02), but the
decrement at 8 h was not statistically significant. In the
1,25- (OH)2D3-treated group, phosphate injection caused
a marked and significant decrease in serum calcium at
4 h (P <0.001), and the decrement at 8 h was still
significant (P < 0.01). The decrement in serum calcium
was greater in the 1,25-(OH)2D3 than in the vehicle-
treated group at 4 h (P < 0.005) and at 8 h, but at the
latter time interval the difference was not statistically

' Earlier we found the opposite effect (1974. Clin. Res.
22: 479A); we now feel that those results were invalid.

significant. Compared with the control group, serum
iPTH was markedly increased in the vehicle-treated
group at both 4 h (P<0.001) and 8 h (P<0.001)
after phosphate injection. Although there was some
increase in serum iPTH at both 4 and 8 h after phos-
phate injection in the 1,25-(OH)2Ds-treated group, the
increment was not statistically significant at either
time interval. The difference in serum iPTH between
vehicle- and 1,25-(OH)2D3-treated groups was signifi-
cant at both 4 h (P < 0.005) and 8 h (P < 0.05). Thus,
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FIGURE 3 Effect of 1,25-(OH)2D3 treatment on serum cal-
cium and iPTH in normal rats. The control rats were in-
jected i.p. with vehicle (0.2 ml, 95% ethanol) and the test
rats with 130 pmol of 1,25-(OH)2D3 dissolved in 95%
ethanol, and 4 h later blood was obtained for serum cal-
cium and iPTH. 10 rats per group; mean±+SE.
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FIGURE 4 Effect of 1,25-(OH)2D5 treatment on serum
iPTH response to hypocalcemia induced by phosphate
(P04) injection. At zero time, one group of rats was in-
jected i.p. with vehicle and another group with 130 pmol
1,25- (OH)2Ds. Immediately thereafter, both groups were
given 1.5 meq of P04 i.p. A control group was injected with
vehicle plus saline. Serum calcium (Ca) and iPTH were
measured in blood samples obtained 4-8 h later. Data are
plotted as a percentage of control values. 10 rats per group;
mean± SE. See Results for statistical analyses.

phosphate injection caused, after 4 h, a significantly
greater decrement in serum calcium but a significantly
lesser increment in serum iPTH in the 1,25-(OH)2D3-
treated than in the vehicle-treated group (Fig. 4).

In animals injected with different doses of phos-
phate, there was an inverse relationship between serum
calcium and iPTH (Table I). Thus, because serum
calcium was lower in the group treated with phosphate
plus 1,25- (OH) 2D3 than in the group treated with
phosphate plus vehicle, the decreased serum iPTH re-
sponse as a result of 1,25-(OH)2D3 treatment is par-
ticularly noteworthy (Fig. 4).

Effect of 1,25-(OH)sD. on the rate of PTH secre-
tion in vitro. To determine if the above in vivo
changes in serum iPTH could have resulted from a
direct action of 1,25-(OH)2Ds on parathyroid cells to
inhibit PTH secretion, in vitro experiments were done.
(All PTH released into media, regardless of the mecha-
nism of release, is considered to be secreted PTH.)
In bovine parathyroid tissue incubated in media with
a physiological calcium concentration (1.5 mM), 1,25-
(OH)2Ds treatment caused a significant decrease in
the cumulative amount of PTH secreted over 240 min
(Table II). Two different doses of 1,25-(OH)2DI were

used (1 and 100 nM), and although the higher dose
appeared to have a greater effect, no significant differ-
ence in cumulative response between the two doses
was found, perhaps because of the small number of ob-
servations. In this experiment, although not shown in
Table I, PTH secretion rates were measured hourly
from 1 to 4 h. Compared with controls, 1,25-(OH)2Ds
at 100 and 1 nM decreased PTH secretion rate
throughout the experiment and the decrement was con-
sistently greater at 100 than at 1 nM; however, the
only decrement in PTH secretion rate that was statis-
tically different from the control rate was at 1 h with
100 nM 1,25- (OH) 2D3.

In bovine parathyroid tissue incubated in a low-cal-
cium medium (1.0 mM), the PTH secretion rate, as
compared with basal PTH secretion rate (i.e., when
medium calcium was 1.5 mM), was significantly in-
creased at 1-4 h (Fig. 5). In bovine parathyroid tissue
incubated in a high-calcium medium (3.0 mM), the
PTH secretion rate, compared with the basal secretion
rate, was significantly decreased at 1-4 h (Fig. 6).
Though a control group with a medium calcium of 1.5
mMwas not included in the present study, previous
work with this in vitro system indicates that through-
out the incubation period a low-calcium medium (0.75
mM) causes an increase in the PTH secretion rate
and that a high-calcium medium (3.0 mM) depresses
PTH secretion (18). 1,25-(OH)2D3 at 1 nM signifi-
cantly decreased the effect of a low-calcium medium to
increase PTH secretion rate; this effect was evident
(statistically significant) at 2 h and persisted or per-
haps was progressive thereafter (Fig. 5). Additionally,

TABLE I I
Effect of 1,25- (OH) 2D3 on Cumulative PTHSecretion Over

4 h from Bovine Parathyroid Tissue Incubated in
Media Containing a Physiologic Concentration

of Calcium (1.5 mM)

PTH secretion

Cumulative
secretion after

addition of
Basal secretion test agents
(-60 to 0 min)* (0 to 240 min)*

pg/mg wet wet

Vehicle (control) 393 +371 1,516 +171t
1,25-(OH)2D3, 1 nM 339+34 1,222+135§
1,25-(OH)2D3, 100 nM 348-+54 1,104 t97§

* Zero time is considered to be the time at the end of the 60-
min basal secretion period.
T Mean4+SE of four samples per group.
§ By analysis of variance, cumulative PTH secretion was sig-
nificantly less in the 1,25-(OH)2D3-treated groups than in the
control group, P < 0.05.
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in the high-calcium medium, 1,25- (OH)2D, treatment
produced a further decrement in the PTH secretion
rate which was statistically significant at 3 and 4 h
(Fig. 6).

In recent work, Chertow and co-workers showed
that vitamin A stimulates the PTH secretion rate in
vitro (19). This effect was confirmed in the present
study where vitamin A at 0.1 ,oM caused a marked
stimulation of the PTH secretion rate (Fig. 7). The
maximum increment in the PTH secretion rate was
seen at 1 h, and thereafter the effect decreased with
time (Fig. 7). 1,25-(OH)2D8 at 1 nM inhibited the
effect of vitamin A to increase the PTH secretion rate;
the inhibitory effect of 1,25-(OH)2D3 was evident (sta-
tistically significant) at 1 h and persisted throughout
the remainder of the experiment (Fig. 7). When the
PTH secretion rates were plotted as a percentage of
control, the curves for vitamin A and vitamin A plus
1,25-(OH)2D3 were quite similar in shape (Fig. 7).
These curves would be consistent with either an effect
of 1,25- (OH) 2D8 to decrease the basal level of secre-
tion or to inhibit specifically the action of vitamin A
on PTHsecretion.

Effect of hydrocortisone on the rate of PTH secre-
tion in vitro. In order to evaluate the specificity of
the inhibitory effect of 1,25- (OH)2Ds on PTH secre-
tion, the effect of another steroid, hydrocortisone, on
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FIGuRE 5 Effect of 1,25- (OH)2D3 on PTH secretion rate
of bovine parathyroid tissue incubated in media containing
a low calcium concentration (1.0 mM). Zero time data
represent basal PTH secretion rates of parathyroid tissue
incubated in media containing 1.5 mMcalcium. At zero
time, media were changed to contain 1.0 mMcalcium and
either vehicle (ethanol, final concentration 0.2%) or 1,25-
(OH)2Ds, 1 nM. Four samples per group; mean+SE.
* P <0.05; ** P <0.01.
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FIGURE 6 Effect of 1,25-(OH)sD8 on PTH secretion rate
of bovine parathyroid tissue incubated in media containing
a high calcium concentration (3.0 mM). Zero time data
represent basal PTH secretion rates of parathyroid tissue
incubated in media containing 1.5 mMcalcium. At zero
time, media were changed to contain 3.0 mMcalcium and
either vehicle or 1,25-(OH)2DO, 1 nM. Four samples per
group; mean±tSE. * P < 0.05.

PTH secretion was evaluated (Table III). Hydrocorti-
sone, 10 AM, had no consistent or statistically signifi-
cant effect on PTH secretion from bovine parathyroid
tissue incubated in medium containing a physiologic
concentration of calcium (1.5 mM) or a low concentra-
tion of calcium (0.75 mM) during 3-h incubation
periods.

DISCUSSION

Our results support and extend work by other investi-
gators (9-12), cited in the Introduction, on the rela-
tionship between vitamin D and PTH secretion. There
are three important issues that must be considered be-
fore the significance of our results can be properly
evaluated: (a) the validity of the PTH assays used in
this work, (b) what molecular species of PTH are
secreted and the fate of secreted PTH, and (c) whether
our results were obtained with physiologic doses of
1,25- (OH)2Ds. Rat serum iPTH is difficult to measure,
largely because most antisera to bovine PTH do not
cross-react with rat PTH. In our rat serum iPTH
assay, the % B/F curve for dilutions of rat serum
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FIGURE 7 Effect of 1,25-(OH)2D3 on vitamin A-stimu-
lated PTH secretion rate of bovine parathyroid tissue in
vitro. Zero time data represent basal PTH secretion rates
of parathyroid tissue incubated in media containing 1.5 mM
calcium. At zero time, the media were changed to contain
vehicle (control), vitamin A, 0.1 AM, or vitamin A, 0.1 ,uM,
plus 1,25-(OH)2D3, 1 nM. Data are plotted as a percentage
of control values. At 1, 2, and 3 h, PTH secretion rate
was significantly greater in the vitamin A-treated than in
the vitamin A plus 1,25-(OH)2D,3 group. Four samples per
group; mean±SE. * P < 0.01.

containing a high level of iPTH were superimposable
on the bovine PTH standard curve, suggesting good
immunological cross-reactivity with the antiserum used
in our assay. Because of this and our finding of: (a)
progressive increments in serum iPTH in response to
decrements in serum calcium, and (b) progressive

decrements in serum iPTH in response to increments
in serum calcium, we feel that our assay detects de-
creases as well as increases in serum iPTH. The iPTH
assay used to measure PTH secretion rate of bovine
parathyroid tissue in vitro has been validated previ-
ously (18, 19). Additionally, the validity of these as-

says is supported by the internal consistency of our
in vivo and in vitro data.

The molecular species (i.e., native PTH, pro-PTH,
or PTH fragments) and fate of secreted PTH are
also pertinent to the interpretation of the effect of 1,25-
(OH)2Da in terms of PTH secretion. With respect to
in vitro work, Sherwood, Rodman, and Lundberg ob-
tained evidence from bovine parathyroid tissue that
glandular or native PTH (mol wt 9,500) was a pre-
cursor which was converted to a smaller mol wt (mol
wt 7,000) and then apparently secreted into medium
(22). Fischer, Oldham, Sizemore, and Arnaud (23)
and Arnaud and co-workers (24), working with por-
cine and human parathyroid tissue, respectively, also
found evidence that the predominant secreted species
in vitro was smaller than native hormone but biologi-
cally active. In contrast, other laboratories have ob-
tained evidence that bovine pro-PTH is a larger mol
wt species than native PTH, that pro-PTH is not
secreted in vitro, and that the predominant species
secreted in vitro is native hormone (25-27). Our in
vitro results tend to agree with the conclusion that the
hormone secreted is native hormone, in that secreted
PTH was immunologically indistinguishable from na-

tive PTH (18). In any case, the majority if not all of
the above studies are consistent with the concept that
the predominant species secreted in vitro is not pro-
PTHand is biologically active.

TABLE I II
Effect of Hydrocortisone on PTH Secretion over 3 h from Bovine Parathyroid Tissue Incubated

in Medium Containing a Physiologic Concentration of Calcium (1.5 mM)
or a Low Concentration of Calcium (0.75 mM)

PTH secretion rate

Vehicle Time.. .0* 1 h 2 h 3 h

pg/mg wet wt per h
1.5 mMcalcium in medium

Control 375±53$ 416±18 395±20 428±48
Hydrocortisone, 10,uM 371±54 413±46 400428 406±36

0.75 mMcalcium in medium
Control 391±440 1,027±92 1,354±87 1,310±141
Hydrocortisone, 10 AM 443±22 1,312±202 1,632±131 1,4734109

* Basal secretion rate over the 1-h period before addition of test agent.
t Mean±SE of eight samples (1.5 mMcalcium in medium) or four samples (0.75 mMcalcium
in medium). No significant differences between control and hydrocortisone groups were found
at any time points or in cumulative secretion (not shown).
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Regarding the fate of secreted PTH, some (27) but
not all workers (22) found that when radioactive PTH
was added to the medium of parathyroid tissue slices
there was degradation of the labeled hormone. Because
our antiserum has greater sensitivity for the carboxyl
than for the amino terminal of PTH, it is possible that
in vitro degradation of native PTH could spuriously
affect the quantitation, based on medium iPTH anal-
yses, of the amount of hormone secreted. This seems
unlikely, however, because the amount of degradation
of labeled native hormone in vitro in 1 h is negligible
(27) and because our medium was changed hourly or
more frequently. Thus, if, as seems likely, the major
species secreted was native PTH and since PTH deg-
radation in medium under our conditions was negligible,
our in vitro results indicate that 1,25-(OH) 2D8 de-
creases secretion of native PTH.

Our in vivo serum iPTH results, while not a direct
measure of PTH secretion, may reflect changes in
secretion. Although there is indirect evidence in humans
that PTH fragments can be secreted (28), other stud-
ies suggest that in both humans and cows, secreted
hormone is largely native PTH (29, 30). However,
the domnant form of circulating PTH in humans and
cows appears to be small mol wt fragments (30, 31).
Nevertheless, changes in serum iPTH tend to reflect
changes in the secretion of native hormone (12, 15,
31). Although rat parathyroid tissue has been shown
to synthesize pro-PTH (32), neither the secreted nor
circulating species of PTH in rats has been studied.
Interpreted in the light of the above data and our in
vitro data, our finding that 1,25-(OH)2D3 decreases
serum iPTH in rats strongly suggests but does not
establish that 1,25-(OH)2D3 decreases PTH secretion
in vivo.

Concerning the issue of 1,25-(OH)2D3 dosage, the
concentration of 1,25-(OH)2Ds in bovine serum is un-
known; however, in rats fed vitamin D3, the basal level
of serum 1,25-(OH)2D8 was 17 ng/100 ml or 0.41 nM
and the level in response to a calcium-deficient diet
was about 100 ng/100 ml or 2.5 nM (32a). Thus, the
concentration of 1,25-(OH)2D8used in our in vitro work,
1 nM, is within the range of that found in rat serum.
However, because 1,25-(OH) 2D3, like cholecalciferol
and 25-hydroxycholecalciferol (33), may be largely
bound in serum to carrier proteins and because our in-
cubation medium contained only 10% calf serum, it is
possible that the level of free, and presumably active,
1,25-(OH)2D3 was greater in our incubation medium
than in serum.

In any case, the dose we used is similar to that used
by Raisz, Trummel, Holick, and DeLuca, who found
by means of their in vitro resorbing system that a re-
sorptive response to 1,25-(OH)2D8 was detectable at

about 0.1 nM and that there was a log dose response
between about 0.1 and 10 nM (34). 1,25-(OH)2Ds at 10
nM also stimulates calcium-45 uptake by intestine in
vitro (35). Thus, apart from the uncertainty of the
issue of free 1,25-(OH)2D3 concentration, it would
seem that the concentration of 1,25-(OHi)2D3 we used
in our in vitro work is probably in the physiological
range.

The physiologic dose of 1,25-(OH) 2D3 in vivo has
not been established. In this study we used 130 pmol
(2 U) of 1,25-(OH)2Ds, a dose that did not increase
serum calcium. Other workers have used between 1 and
10 U of 1,25-(OH)2D3 for in vivo work with rats (36-
38). In our rats, dietary intake of vitamin Di was
about 26 IU per day. Although the comparative actions
of 1,25-(OH)2Ds and vitamin D8 vary considerably de-
pending upon the response measured, 1,25-(OH)2Ds
is about five times more active than vitamin Da in main-
taining serum calcium (39). On this basis, one can
estimate that the dose of 1,25-(OH)2D3 used in this
study was equivalent to about 40% of the daily oral
dose of vitamin D. Although it is difficult from the
above observations to be certain of what constitutes a
physiologic dose of 1,25-(OH)2Ds, we feel that 2 U
of 1,25-(OH)2D3 in a 140-g rat is probably in the
physiological range.

With the above qualifications in mind, we feel that
the results of this study indicate that 1,25-(OH) 2D3,
probably at physiologic doses, decreases PTH secre-
tion in vitro and serum iPTH in vivo. The inhibition
of PTH secretion by 1,25-(OH)2D3 in vitro was prob-
ably not due to a nonspecific inhibition of parathyroid
cell function, because 1,25-(OH)2D8 at similar concen-
trations stimulates rather than inhibits both bone re-
sorption and calcium-45 uptake by intestine in vitro
(34, 35) and because in this study another steroid,
hydrocortisone, did not inhibit PTH secretion (Table
III).

Although the only vitamin D metabolite evaluated
in this work was 1,25-(OH)2D8, recently Henry and
Norman showed in vitamin D-deficient chicks that the
concentration of radioactive 1,25-(OH) 2Ds, after in-
jection of radioactive 1,25-(OH)2D3 or radioactive 25-
OHDs, was higher in the parathyroid glands than in
blood (40). However, no evidence was found that
either 25-OHD3 or 24,25-(OH)2D3 was concentrated
by parathyroid glands (40). This raises the possibility
that 1,25-(OH)2D3 is the predominant vitamin D me-
tabolite that acts on the parathyroid glands. Moreover
this observation strengthens the conclusion that 1,25-
(OH)2Ds plays a direct role in PTH secretion.

Our in vivo studies, in addition to being consistent
with our in vitro work, disclosed an unexpected effect
of 1,25- (OH) Ds on serum calcium. The degree of
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hypocalcemia in the rats given phosphate plus 1,25-
(OH) 2D3 was greater than that in rats given phos-
phate alone (Fig. 4). Of the various possible explana-
tions for this change, the simplest one is that the
greater degree of hypocalcemia was due to inhibition of
PTH secretion by 1,25-(OH)2Ds. If so, a dose of 1,25-
(OH) 2D3 that decreases serum iPTH does not appear
to replace the effect of PTH to maintain serum cal-
cium. If this explanation were correct, one would ex-
pect to find hypocalcemia in rats given sufficient 1,25-
(OH) 2D3 to decrease serum iPTH; however, in the
present study no decrease in serum calcium was found
when serum iPTH was significantly depressed, at least
when evaluated at the one time interval of 4 h (Fig. 3).
Further work will be required to resolve the inter-
relationship between 1,25-(OH) 2D3 and PTH on cal-
cium metabolism.

The mechanism of PTH secretion differs from that
of many hormones in that low external (i.e., medium
or ECF) calcium stimulates rather than inhibits PTH
secretion (18, 41). The mechanism of PTH secretion is
similar to that of many hormones in that it is probably
mediated by cyclic AMP (18, 42). The importance of
cyclic AMP is emphasized by the fact that dibutyryl
cyclic AMP increases PTH secretion whether medium
calcium is high or low (18, 42). If PTH secretion
were primarily mediated by cyclic AMP, 1,25-(OH)2D3
could inhibit PTH secretion by acting on the net pro-
duction or subsequent effects of cyclic AMP. One of
the most physiologically significant effects of 1,25-
(OH) 2D3, at least in intestinal epithelial cells, is to
increase transcellular calcium transport, and this is
accompanied by an increase in cytoplasmic calcium
(43). With respect to the latter, it is of interest that
an increase in cytoplasmic calcium can in some in vitro
systems inhibit adenyl cyclase activity (41, 44) and in
others inhibit cyclic AMP-mediated changes in enzyme
activity (45). Either of these two changes, if it occurred
in parathyroid cells, could inhibit cyclic AMP-mediated
PTH secretion. However, whether the effect of 1,25-
(OH)2D3 on parathyroid cells is mediated by changes
in either cellular calcium metabolism or cyclic AMP
remains to be determined. Also unknown is the mecha-
nism whereby vitamin A stimulates PTH secretion.
Inasmuch as 1,25-(OH)2D3 inhibits this effect of vita-
min A, it is of interest that vitamin A causes changes
in parathyroid cell membranes (20) and that vitamins
A and D have direct and sometimes antagonistic effects
on cell membranes (46-49). Our results with vitamin
A indicate that whatever the mechanism of 1,25-
(OH)2D3 inhibition of PTH secretion, it is not specific
for PTH secretion mediated by external calcium.

The observed effect of 1,25-(OH)2D3 to inhibit PTH
secretion could be of physiological significance. There

is evidence from both in vitro and in vivo studies that
PTH stimulates 1,25-(OH)2Ds synthesis (50, 51).
Thus, if, as seems likely from the results of this study,
physiologic levels of 1,25-(OH) 2Ds inhibit PTH secre-
tion, this would be indicative of a feedback loop where
PTH stimulates the secretion of 1,25-(OH)2D3, which
in turn inhibits PTH secretion. Accordingly, 1,25-
(OH)2D3 as well as ECF calcium would control PTH
secretion by feedback inhibition. This redundance could
result in a more exact and sustained control of serum
calcium under diverse conditions.
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