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Effect of Vitamin D Status on the Equilibrium
between Occupied and Unoccupied
1,25-Dihydroxyvitamin D Intestinal Receptors in the
Chick

WILLI HUNZIKER, MARIAN R. WALTERS,JUNE E. BISHOP, and ANTHONYW.
NORMAN,Department of Biochemistry, University of California, Riverside,
California 92521

A B S T R A C T The dynamic equilibrium between in
vivo occupied and unoccupied 1,25-dihydroxyvitamin
D3 [1,25(OH)2D3] receptors of the chick intestinal mu-
cosa was investigated by the exchange assay previously
reported [(1980). J. Biol. Chem. 255: 9534-9537].
These parameters and their correlation to biological
response, i.e., the levels of intestinal vitamin D-de-
pendent calcium binding protein (CaBP), were as-
sessed under different physiological conditions. After
a single 1,25(OH)2D3 injection (3.25 nmol), occupied
receptor levels increased sharply to a maximum be-
tween 1 and 2 h, followed by a rapid decline. A single
dose of la-hydroxy-vitamin D3 [la(OH)D3], an analog
that requires 25-hydroxylation for biological activity,
resulted in a protracted, albeit lower, response with
maximal receptor occupancy at 6 h and half maximal
levels 24 h after injection. The intestinal receptor oc-
cupancy patterns mirrored the serum 1,25(OH)2D3
levels after either 1,25(OH)2D3 or la(OH)D3 treat-
ment. Additionally, time-course (half-life) of blood
disappearance of 1,25(OH)2D3 and occupied receptor
levels were similar (1.9 and 2.3 h, respectively), sug-
gesting that the amount of occupied 1,25(OH)2D3 re-
ceptor is determined by a simple equilibrium between
serum 1,25(OH)2D3 and unoccupied receptors. A dose-
response study after intramuscular 1,25(OH)2D3 injec-
tion yielded a hyperbolic curve with an apparent pla-
teau at 70% receptor occupancy, corresponding to 5
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nmol 1,25(OH)2D3 injected. Half-maximal occupancy
was reached after a dose of 1 nmol 1,25(OH)2D3, cor-
responding to 1.5 ng 1,25(OH)2D3/ml serum. From
this value the apparent Kd in vivo is 3.7 nM, which is
similar to that determined in vitro. A 10-fold increase
in the la(OH)D3 dose resulted in less than a doubling
of the levels of serum 1,25(OH)2D3, occupied
1,25(OH)2D3 receptors, or CaBP. Under all experi-
mental conditions, there was a positive correlation be-
tween occupied receptor and CaBP levels; however,
the slope of the lines depended on the times chosen
for the assays due in part to the lag period for CaBP
induction and its accumulation within the cell. Con-
versely, the correlation between serum 1,25-(OH)2D3
levels and occupied receptor levels yielded a single
regression line independent of the observation time.
Short and long-term treatment with different vitamin
D metabolites, estrogen, progesterone, or cortisol did
not affect the levels of total intestinal 1,25(OH)2D3
receptor. Under normal physiological conditions, only
10-15% of the total 1,25(OH)2D3 receptor population
was occupied by ligand. These studies provide a basis
for further investigations of physiological and bio-
chemical parameters of the vitamin D endocrine sys-
tem and their clinical applications.

INTRODUCTION

1,25-Dihydroxyvitamin D3 (1,25[OH]2D3),' an active
metabolite of vitamin D3, exerts at least part of its

' Abbreviations used in this paper: CaBP, vitamin D-de-
pendent calcium binding protein; DBP, vitamin D binding
protein; DES, diethylstilbestrol; HAP, hydroxylapatite;
la(OH)D3, la-hydroxyvitamin D3; 1,25(OH)2D3, 1,25-di-
hydroxyvitamin D3; TED, 10 mMTris, 1.5 mMEDTA, 1.0
mMdithiothreitol; TEDMo, TED + 10 mMNa-molybdate;
TPCK, L-1-Tosylamide-2-phenyl-ethylchloromethyl ketone.
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biological activity through an intracellular receptor
system (1-3) similar to those of the other steroid hor-
mones. Although 1,25-(OH)2D3 receptors have been
described in a variety of animal and human tissues
(4), the chick intestinal receptor has been the most
extensively studied. In the past, characterization and
quantitation of 1,25(OH)2D3 receptors have been ham-
pered by interference from the plasma-derived vita-
min D binding protein, which is capable of binding
1,25(OH)2D3 (5, 6). Recently we observed that unoc-
cupied 1,25(OH)2D3 receptors are predominantly lo-
calized in the chromatin fraction of hypotonic ho-
mogenates, whereas the vitamin D binding protein
remains in the cytosol (7, 8). Therefore, assay of the
chromatin fraction facilitates quantitation of unoc-
cupied 1,25(OH)2D3 receptors in the absence of the
vitamin D binding protein (9).

Quantitation of unoccupied receptors is inadequate
for assessing physiological function of the target tissues
or the receptors, since only ligand-occupied receptors
determine the physiological response. Therefore, we
have recently developed an exchange assay for occu-
pied 1,25(OH)2D3 receptors that allows differential
quantitation of both unoccupied and in vivo occupied
receptors in chick intestinal mucosa (10). Similar assays
in other steroid hormone receptor systems (11, 12) have
provided invaluable information on the equilibrium
between occupied and unoccupied sites in vivo, as well
as the regulation of receptor levels by endogenous and
exogenous factors (13, 14).

This paper provides the first evaluation of changes
in the equilibrium between unoccupied and in vivo
occupied 1,25(OH)2D3 receptors under varying con-
ditions of vitamin D status and other pertinent phys-
iological perturbations. In addition, the physiological
importance of occupied 1,25(OH)2D3 receptors is es-
tablished by comparison to the magnitude of the bi-
ological response.

METHODS

Animals and tissue preparation. Unless otherwise indi-
cated, 1-d-old White Leghorn cockerels were obtained
from Pace/Setter, Alta Loma, CA and were raised for 3-4
wk on a standard rachitogenic diet (15). Subsequent treat-
ments in individual experiments are given in the figure leg-
ends. After decapitation, the small intestine was removed,
stripped of contents, and washed at 4°C in 0.9% NaCl. All
subsequent steps were performed at 4°C unless otherwise
stated. The mucosa was collected by scraping with a glass
slide and the scraping was thoroughly homogenized in 10
mMTris, 1.5 mMEDTA, 1.0 mMdithiothreitol (TED)
buffer (10% wt/vol, ref. 9) with 10-12 strokes in a glass/
teflon homogenizer (motor driven pestle). After a low speed
spin of the homogenate (5,000g, 10 min), the chromatin
pellet was washed three times with vigorous vortexing in the
same volume of TED + 0.5% Triton X-100. Incomplete re-
moval of cytoplasmic elements may interfere with the ac-

tion of L-1-tosylamide-2-phenyl-ethylchloromethyl ketone
(TPCK) in later steps of the procedure.

Quantitation of unoccupied and occupied receptors
(10). The chromatin pellet (Triton X-100 washed) was re-
suspended (10% tissue, wt/vol) in TEDbuffer containing 10
mMNa molybdate (TEDMo) and 500 kallikrein inhibiting
units (KIU)/ml Trasylol. Aliquots (200 Ml) of this chromatin
suspension were pipetted into polypropylene tubes contain-
ing 8 mM[3H]1,25(OH)2D3 in the presence or absence of a
200-fold excess of 1,25(OH)2D3 (final concentrations). These
tubes were incubated at 4°C for 4 h before the addition of
hydroxylapatite to determine the level of unoccupied re-
ceptors. Coincidentally, TPCK (30 mMin ethanol) was
added to an appropriate amount of the remaining chromatin
suspension to give a final concentration of 100 ,uM. After
incubation at 4°C for 30 min, 200-,ul aliquots were pipetted
into tubes containing the steroid as above, followed by in-
cubation at 370C for 30 min to determine the level of in
vivo occupied receptor. At the end of both incubations, 500
Ml HAP suspension (50% vol/vol in TED) was added to the
tubes and the incubation was continued for 15 min at 4°C
with vortexing. Then 1 ml TED-Triton was added and the
tubes were vortexed and centrifuged at 1,500 g for 5 min;
the resulting pellets were washed three times with 1 ml TED-
Triton. The radioactivity in the final pellets was extracted
with 1 ml 100% ethanol at 30°C for 30 min; the supernatant
was dried under a stream of air and counted in 8-10 ml
toluene containing 5.0 g/liter tertiary butylphenyl-5-(4-bi-
phenylyl)1 ,3,4-oxadiazole (Amersham Corp., Arlington
Heights, IL).

Radioimmunoassay for vitamin D-dependent calcium
binding protein (CaBP). Intestinal CaBP levels were de-
termined by the method of Christakos and Norman (16) with
the following modifications: all the buffers contained 0.5%
bovine serum albumin, the incubation time with the anti-
body was reduced to 20 h, and 100 MIl protein A (0.5% wt/
vol) was substituted for the second antibody.

Serum 1,25(OH)2D31evels. This assay was performed by
the method of Bishop et al. (17). Briefly, the serum was
extracted with ether and subjected to high-pressure liquid
chromatography. The region of 1,25(OH)2D3 elution was
pooled and quantitated by a competitive binding assay uti-
lizing the chick intestinal 1,25(OH)2D3 receptor.

Chemicals. 1,25(OH)2[26,27-3H]D3 (9 Ci/mmol) was pre-
pared from Amersham Corp. 9 Ci/mmol 1,25(OH)[26,27-
3H]D3 by kidney homogenate hydroxylation (18). Unlabeled
1,25(OH)2D3 and other vitamin D metabolites were the kind
gift of Hoffmann-La Roche (Nutley, NJ). Hydroxylapatite
was purchased from Bio-Rad Laboratories (Richmond, CA).
Triton X-100, TPCKand the steroid hormones were obtained
from Sigma Chemical Co., St. Louis, MO; Trasylol was pur-
chased from Mobay Chemical Corp., New York; protein A
was obtained from BRL, Bethesda, MD.

RESULTS

Occupied and unoccupied receptors at varying
times after 1,25(OH)2D3 injection. An injection of
1,25(OH)2D3 (3.25 nmol s.c.) resulted in a rapid in-
crease in the level of occupied 1,25(OH)2D3 receptor
to a maximum at 1-2 h (Fig. IA). This increase in
occupied receptor was accompanied by a concomitant,
stoichiometric decrease in unoccupied 1,25(OH)2D3
receptors (Fig. lB, C). Subsequently, 1,25(OH)2D3 re-

Occupied 1,25(OH)2D3 Receptors and Biological Response 827
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FIGURE 1 Occupied (A), unoccupied (B), and total (C)
1,25(OH)2D3 receptors in the intestinal mucosa 0-48 h after
s.c. injection of 3.25 nmol 1,25(OH)2D3 in rachitic chicks.
Data points are the mean±SEMof duplicate determinations
in n = 4 individual chicks.

ceptor occupancy decreased rapidly to 38 and 15%
maximal at 6 and 12 h postinjection, respectively; but
the levels remained significantly elevated above prein-
jection levels through 48 h (Fig 1A). After 2 h, the
unoccupied 1,25(OH)2D3 receptor levels demonstrated
a biphasic pattern: a rapid increase from the nadir at
2 h followed by a more gradual increase up to 24 h
(Fig. 1B). During the time interval of 4-16 h after
injection, the total number of 1,25(OH)2D3 receptors
(unoccupied plus occupied) decreased (Fig. IC), sug-
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gesting that not all the previously occupied receptor
was recycled to a form capable of rebinding
1,25(OH)2D3.

Occupied and unoccupied 1,25(OH)2D3 receptors
at varying times after la(OH)D3 injection. After
la(OH)D3 (6.5 nmol s.c.) injection, the occupied
1,25(OH)2D3 receptor level (Fig. 2A) increased more
slowly than after 1,25(0H)2D3 injection. Maximal re-
ceptor occupancy was reached by 6 h, followed by a
gradual decline. 24 h after la(OH)D3 injection, the
occupied receptor levels remained at half of the max-
imal level attained at 6 h, as compared with the lower
(15% maximal) level sustained 24 h after 1,25(OH)2D3
injection. The temporal pattern of serum 1,25(OH)2D3
levels in these animals (Fig. 2B) was almost superim-
posable on that for the occupied 1,25(OH)2D3 recep-
tors, resulting in a highly significant correlation be-
tween these two parameters (Fig. 2C).

Dose of 1,25(OH)2D3 injected vs. 1,25(OH)2D3 re-
ceptor occupancy and CaBP' induction. Injection of
increasing doses (0.1-10 nmol) of 1,25(OH)2D3 re-
sulted in increasing numbers of occupied 1,25(OH)2D3
receptors at 2 h postinjection (Fig. 3A). A stoichio-
metric decrease in unoccupied receptor was observed
(Fig. 3A); thus the total number of 1,25(0H)2D3 re-
ceptors remained constant 2 h after all doses injected.
There was an apparent plateau of 70% receptor oc-
cupancy at 1,25(OH)2D3 doses > 5 nmol (Fig. 3B), re-
sembling saturation curves for [3H]1,25(OH)2D3 bind-
ing to the receptor in vitro. There was a highly
significant (P < 0.01) correlation between the CaBP
dose response 24 h after 1,25(OH)2D3 injection and
receptor occupancy 2 h postinjection (Fig. 3C).
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FIGURE 2 Time-course after la(OH)D3. Occupied 1,25(OH)2D3 receptors in intestinal mucosa
(A), serum 1,25(OH)2D3 levels (B), and the correlations between these parameters (C) at 0-24
h after s.c. injection of 6.5 nmol la(OH)D3 in rachitic chicks. Data points are the mean±SEM
of duplicate determinations in n = 3 individual chicks.
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FIGURE 3 Unoccupied (A, *) and occupied (A, 0) 1,25(OH)2D3 receptors and CaBP (B) in the
intestinal mucosa of rachitic chicks after i.m. injection of 0-10 nmol 1,25(OH)2D3. Receptor
levels were determined 2 h after injection; CaBP was measured at 24 h. Data points represent
the mean±SEMof duplicate determinations in n = 3 individual chicks. Also shown is the
correlation between maximal (2 h) percent receptor occupancy and CaBP induction (24 h) for
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Dose of la(OH)D3injected vs. 1 ,25(OH)2D3receptor
occupancy. The levels of serum 1,25(OH)2D3,
1,25(OH)2D3 receptor occupancy, and intestinal CaBP
24 h after injection of varying doses (2-200 nmol i.m.)
of la(OH)D3 are graphed in Fig. 4. Surprisingly, the
slopes of all three curves were very shallow: a 10-fold
increase in the dose of 1a(OH)D3 resulted in only a

doubling of the measured parameters. This muted re-

sponse in all three parameters suggests that either the
25-hydroxylation or a slow release after injection are
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FIGURE 4 Occupied 1,25(OH)2D3 receptors (0) and CaBP
induction (U) in intestinal mucosa and serum 1,25(OH)2D3
levels (A) after i.m. injection of 0-200 nmol la(OH)D3 in
rachitic chicks. Occupied receptors and serum 1,25(OH)2D3
levels were determined 6 h after injection; CaBPwas assayed
at 24 h. Data points represent the mean±SEMof duplicate
determinations in n = 3 individual chicks.

the rate-limiting steps for the biological action of
la(OH)D3. This fact, coupled with the reduced met-
abolic clearance rate of la(OH)D3 as evidenced by the
sustained plasma 1,25(OH)2D3 levels (Fig. 2B), indi-
cates that la(OH)D3 can be considered a long-acting
1,25(OH)2D3 analog.

Effect of vitamin D metabolites on 1,25(OH)2D3
receptor levels. Tissue responsiveness to estrogen or

progesterone is regulated in part by a long-term in-
crease (19) or decrease (14), respectively, in total re-

ceptor content after hormone administration. Thus we

investigated whether vitamin D metabolites contribute
to the regulation of intestinal 1,25(OH)2D3 receptor
levels. Since vitamin D deficient chicks were used, all
changes in receptor levels can be attributed to the
metabolite dosed and/or its in vivo derivatives. Daily
treatment of chicks for 10 d with the indicated vitamin
D metabolites resulted in different levels of occupied
1,25(OH)2D3 receptors 24 h after the final injection
(Fig. 5). In general, occupied receptor levels were

higher in those animals treated with vitamin D deriv-
atives that require one or more hydroxylations to gen-

erate a form with high affinity for 1,25(OH)2D3 re-

ceptors. There was at least a 200-fold increase in the
CaBP level with all the vitamin D forms; and there
was a general correlation between the levels of CaBP
and occupied receptor achieved with the metabolites.
However, there was no effect of vitamin D treatment
on the total tissue content of 1,25(OH)2D3 receptors
(Fig. 5). Similar data was obtained 24, 48, and 72 h
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FIGURE 5 Effect of vitamin D metabolites on 1,25(OH)2D3
receptor levels in the intestinal mucosa. Rachitic chicks were
treated i.m. daily for 10 d with 3.25 nmol of the indicated
metabolites and were killed 24 h after the last injection. Data
points represent the mean±SEMof duplicate determinations
in n = 8-10 individual chicks. The hatched bars represent
occupied receptors, open bars represent unoccupied recep-
tors, and the full bar height equals total receptor levels.

after daily treatment with these metabolites and 24,
48, and 72 h after a single injection of 1,25(OH)2D3
or 24,25(OH)2D3 (not shown). Thus these experiments
suggest that the regulation of the total levels of the
intestinal 1,25(OH)2D3 receptor may not be directly
related to the vitamin D status.

Effect of estrogen, progesterone, or cortisol on
1,25(OH)2D3 receptor levels. Intestinal responses to
vitamin D and/or 1,25(OH)2D3 appear to be decreased
by glucocorticoids (20-22) and to be increased by pro-
gesterone (23) and estrogens (23). We therefore in-
vestigated whether these effects could be mediated
through effects on the levels of intestinal 1,25(OH)2D3
receptors. The effect of daily treatment with dieth-
ylstilbestrol (DES) (5 mg), progesterone (1 mg), or cor-
tisol (0.5 mg)2 was evaluated in chicks raised on a vi-
tamin D-containing diet (Fig. 6). Although the increase
in occupied receptor levels after DES treatment was
not statistically significant, it appeared to be biologi-
cally significant since CaBP levels were increased. This
conclusion is consistent with its reported effects on
circulating 1,25(OH)2D3 (23-26) and previous reports

2 The cortisol dose was diminished to reduce a high mor-
tality rate encountered in previous experiments.
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FIGURE 6 Effect of estrogen, progesterone, and cortisol on
1,25(0H)2D3 receptor levels in normal chicks. Chicks were
raised from hatch on a vitamin D-containing diet. After 3
wk they were injected i.m. daily for 8 d with vehicle (Neo-
bee), 5 mg DES, 1 mg progesterone, or 0.5 mg cortisol and
were killed 24 h after the last injection. Data points represent
the mean±SEMof duplicate determinations in n = 6 indi-
vidual chicks. Total bar heights represent total receptor lev-
els, the hatched area represents occupied 1,25(OH)2D3 re-
ceptors, and the open area represents the level of unoccupied
receptors.

of increased intestinal CaBP levels (23). However,
there was no effect of any of these steroid hormones
on the level of total 1,25(OH)2D3 receptors in the in-
testinal mucosa (Fig. 6). Similar results were obtained
after acute (24 h) and chronic (8 d) treatment in vi-
tamin D-deficient chicks (not shown). These results are
consistent with our inability to detect estrogen recep-
tors in the intestinal mucosa of vitamin D-deficient
chicks (data not shown), despite the enhanced vitamin
D-dependent CaBPproduction in the presence of DES
(Fig. 6).

Effect of reduced dietary Ca++ or phosphorus on
1,25(OH)2D3 receptor levels. Under conditions of re-
duced dietary calcium or phosphorus, the activities of
several aspects of the vitamin D endocrine system are
stimulated (27-30). In order to determine whether
these effects are mediated, in part, through regulation
of intestinal 1,25(OH)2D3 receptor levels, chicks were
raised on vitamin D-containing diets with normal lev-
els of Ca++ (1.1%) and P (0.75%), low calcium (0.2%
Ca", 0.75% P), or low phosphorus (1.1% Ca", 0.25%
P). Receptor occupancy was increased in the mucosa
of chicks fed the low Ca++ diet (Fig. 7), in agreement
with reports of increased intestinal 1,25(OH)2D3 con-
tent (27, 28) and renal 25-hydroxyvitamin D-la-hy-
droxylase stimulation (28) under these conditions. The
total 1,25(OH)2D3 receptor levels were lowered 25%
(P < 0.001) by decreased dietary Ca++ and 46% (P
< 0.01 vs. low Ca++ group) by reduced phosphorus
(Fig. 7).

Correlations between levels of occupied 1,25-
(OH)2D3 receptors, intestinal CaBP, and serum

830 W. Hunziker, M. R. Walters, J. E. Bishop, and A. W. Norman
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1,25(OH)2D3. For the purposes of comparison, the cor-
relation between occupied 1,25(OH)2D3 receptors and
CaBPwas determined from the data of Figs. 3-6. Each
set of data resulted in a significant positive correlation,
but different slopes were obtained (Fig. 8A). Further
inspection of these data resulted in the conclusion that
the level of occupied receptor at any time after
1,25(OH)2D3 or la(OH)D3 injection will correlate well
with the CaBPresponse at 24 h. Thus at any time point
after injection, the receptor occupancy will be deter-
mined by the dose administered; and any point on the
receptor occupancy time-course reflects the entire
shape of the curve at a given dose. Therefore, these
data clearly imply a relationship between 1,25(OH)2D3
receptor occupancy and the magnitude of CaBP in-
duction. However, the data cannot answer the question
of whether the CaBP response is determined by the
level of receptor occupancy at a specific time or by
the area under the curve, i.e., occupancy X time.
Moreover, the slopes of the correlations will also be
affected by the time selected for CaBP measurement,
since la(OH)D3 results in maximum receptor occu-
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FIGURE 8 (A) Correlation between percent 1,25(OH)2D3
receptor occupancy (2 h) and CaBP induction (24 h) after
injection of varying doses of 1,25(OH)2D3 (-) or la(OH)D3
(-) or after 10 d administration of varying vitamin D me-
tabolites (V) to rachitic chicks (data from Figs. 3, 4, 5, re-
spectively) and after administration of other steroids to +D
chicks (v). (B) Correlation between serum 1,25(OH)2D3 and
occupied 1,25(OH)2D3 receptor levels at varying times after
injection of 3.25 nmol 1,25(OH)2D3 (X), 2 h after injection
of 0-200 nmol la(OH)D3 (0), or at varying times after 6.5
nmol la(OH)D3 (A). Although the relationship between
serum 1,25(OH)2D3 levels and receptor occupancy is actually
a hyperbola, approaching saturation at serum 1,25(OH)2D3
levels greater than 2.5 ng/ml, the data at lower concentra-
tions were treated as a simple correlation for the purpose of
examining the relationships between the different treat-
ments.

pancy at a later time period and since the CaBP assay
measures only accumulation within the tissue (i.e., syn-
thesis minus degradation).

Whenserum 1,25(OH)2D3 was compared to the level
of occupied 1,25(OH)2D3 receptors (Fig. 8B), there was
a positive correlation which was independent of both
dose (data from Fig. 4) and observation time (data
from Figs. 1, 3). The latter observation was somewhat
unexpected and leads to the calculation of the half-
lives of serum 1,25(OH)2D3 and 1,25(OH)2D3 receptor
occupancy after 1,25(OH)2D3 injection, yielding al-
most identical half-lives (Fig. 9). These data suggest
that the occupied 1,25(OH)2D3 receptor exists in
a simple thermodynamic equilibrium with serum
1,25(OH)2D3 in vivo with no sustained receptor oc-
cupancy as serum 1,25(OH)2D3 levels fall. This mech-
anism could result in acute regulation of Ca++ metab-
olism by providing a mode for rapid termination of
biological response as serum 1,25(OH)2D3 levels fall;
however, full evaluation of this possibility awaits de-
velopment of an assay for receptor retention at specific
acceptor sites and/or sensitive CaBP mRNAassays.

DISCUSSION
The data presented herein provide the first analysis
of functional, i.e., occupied 1,25(OH)2D3 receptors
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under varying physiological conditions. It is apparent
that the recently reported method for quantitating in
vivo occupied and unoccupied 1,25(OH)2D3 receptors
(10) can provide important information on vitamin D
action at the receptor level. Such background studies
are a necessary prerequisite to assessments of the vi-
tamin D status of animals and humans and to the se-
lection of clinical treatments for patients with disor-
ders of Ca++ and phosphorus metabolism.

The temporal pattern of 1,25(OH)2D3 receptor oc-
cupancy after 1,25(OH)2D3 injection (Fig. 1) was sim-
ilar to the profiles seen previously in other steroid hor-
mone receptor systems (13, 31). The decrease in total
1,25(OH)2D3 receptor levels seen 4-24 h postinjection
is similar to the pattern obtained in the estrogen re-
ceptor system (19), but not the progesterone receptor
system (14, 31). By analogy to the estrogen receptor
system, this decrease could be interpreted as receptor
inactivation coupled with a lag of de novo receptor
synthesis; and it may represent a mechanism for ter-
minating biological response to 1,25(OH)2D3 by con-

verting previously occupied receptors to a form in-
capable of rebinding ligand.

For all situations and at all times examined, the level
of occupied 1,25(OH)2D3 receptors was proportional
to the level of serum 1,25(OH)2D3 (Fig. 8B). Addi-
tionally, the half-lives of serum 1,25(OH)2D3 and
1,25(OH)2D3 receptor occupancy were strikingly sim-
ilar (Fig. 9). These observations suggest that circulat-
ing 1,25(OH)2D3 and the intestinal 1,25(OH)2D3 re-
ceptors are coupled such that the physiological response
is terminated immediately upon a drop in the level of
circulating 1,25(OH)2D3. This mechanism would not
necessitate the same turnover of the receptors as im-
plied for the mechanism proposed above. To our
knowledge, the precise relationship between serum
steroid and occupied receptor levels has not been re-
ported in other systems. The simple coupling observed
in the 1,25(OH)2D3 system is very provocative; but its
relationship, if any, to the protracted estrogen receptor
retention time required to achieve the full estrogenic
response (13, 32) is unclear. If the apparent differences
are real, they may simply represent different require-
ments for minute-to-minute responses to the two hor-
mones. The devastating physiological effects of rela-
tively small changes in plasma Ca++ concentrations
may demand a more immediate regulation of intes-
tinal receptor occupancy and hence, intestinal Ca++
absorption.

The dose response of receptor occupancy after
1,25(OH)2D3 injection (Fig. 3) displayed a hyperbolic
saturation curve reaching an apparent plateau at 70%
receptor occupancy (Fig. 3B). Whether the remaining
30% receptor population is unavailable for 1,25(OH)2D3
binding is not clear. However, the general shape of
this curve is similar to the saturation curves for
[3H]1,25(OH)2D3 binding to the receptor in vitro (7,
9). Extrapolating the available data comparing serum
1,25(OH)2D3 levels and receptor occupancy (Fig. 8B),
50% in vivo receptor occupancy occurs at 1.5 ng
1,25(OH)2D3/ml serum. Since the steroid concentra-
tion at half saturation reflects Kd, this data results in
an estimated Kd = 3.7 nM for the receptor interaction
in vivo. This value is in close agreement with the Kd
(0.65-2.2 nM) determined in vitro (7). Thus, the serum
vitamin D binding protein appears to have little in-
fluence on the availability of circulating 1,25(OH)2D3
for receptor binding in vivo.

The finding that the total 1,25(OH)2D3 receptor lev-
els in the intestine were not affected/regulated even
by drastic changes in levels of vitamin D analogs (Fig.
5) or by other steroid hormones (Fig. 6) was unex-
pected. These results suggest that the primary control
of responsiveness in these physiological states occurs
at the renal 25-hydroxyvitamin D3-1-hydroxylase (28,
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33) to regulate the circulating levels of 1,25(OH)2D3.
Therefore, it is important that in the normal state
(vitamin D adequate) only 10-15% of the receptor is
occupied (10), affording a maximum potential for re-
sponsiveness to elevated plasma 1,25(OH)2D3 levels as
dictated by the specific hormonal state of the animal.
The existence of the simple coupled relationship be-
tween serum 1,25(OH)2D3 and intestinal receptor oc-
cupancy (Results) provides a precise mechanism for
response of this target tissue to acute changes in the
renal 25-hydroxyvitamin D3-1-hydroxylase activity.
These observations provide substantiation for the phys-
iological importance of mechanisms for acute regu-
lation of the 1-hydroxylase activity (34).

The effects of severe dietary Ca++ or phosphorus
restriction on total 1,25(OH)2D3 receptor levels (Fig.
7) are interesting, but puzzling. In these deficiency
states, one would predict that an increase in the
1,25(OH)2D3 receptor level could improve intestinal
responses to circulating 1,25(OH)2D3 and, hence, con-
tribute to homeostatic mechanisms to correct the min-
eral deficiency. In fact, the opposite response was seen.
The mechanism of this effect, as well as the possibility
that it may reflect an artifact of the adverse effects of
the mineral deprivations rather than a homeostatic
compensatory mechanism, is presently under investi-
gation.
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