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Summary-We have demonstrated that epiphyseal chondroblasts contain specific receptors for 24R,25- 
dihydroxy vitamin D,(24,25(OH),D,) while diaphyseal osteoblasts contain specific receptors for 
1 a25-dihydroxy vitamin D, (1,25(OH),DJ. Both metabolites induce DNA synthesis and creatine kinase 
(CKBB) activity. We have also found that the responsiveness of rat kidney to these metabolites changes 
during development. In embryonic and early postnatal stages, the kidney responds to 24,25(OH),D,, 
later to both 24,25(OH),D, and 1,25(OH) 2 D 3r and the mature kidney only to 1,25(OH)zD3. These 
responses correlate with changes in the specific receptors present in the kidney. 

Furthermore, we have compared developmental changes in skeletal (epiphysis. diaphysis and man- 
dibular condyle) and non-skeletal (kidney, cerebellum, cerebrum, liver and pituitary) tissue in both rat 
(a postnatal developer) and rabbit (a perinatal developer). Epiphyseal or diaphyseal chondroblasts at any 
stage of development were predominantly responsive to 24,25(OH),D,, whereas osteoblasts were 
responsive to 1,25(OH),D,. In contrast, condylar chondroblasts, kidney, cerebellum and pituitary 
responded to 24,25(OH)zD3 during early development and subsequently developed responsiveness to 
1.25(OH)2D,. 

Using primary cell cultures from kidneys at different stages of maturation, we showed the same 
developmental pattern as in uiuo. Chronic treatment of the cells with 24,25(OH),D,, but not 
1,25(OH)zD,, caused precociousdevelopment of responsiveness to 1,25(OH),D, in culture. We suggest 
that 24,25(OH),D, acts as a maturation factor, during early development in kidney, and probably in 
other tissues. possibly by induction of receptor to 1,2S(OH),D,, accompanied by down-regulation of its 
own receptor. 

INTRODUCTION 

Vitamin D is a prohormone for the more 
polar metabolites, 1 cu,25dihydroxyvitamin D3 
(1,25(OH),D,) and 24R,25_dihydroxyvitamin D, 
(24,25(OH),D,), the principal mediators of the 
biological activities originally ascribed to the parent 
compound. There is substantial evidence that the 
mechanism of action of both metabolites is similar to 
that of other steroid hormones, initiated by inter- 
action with specific intracellular receptors. The tight 
association of a steroid receptor complex with 
specific chromatin loci in the nuclei of responsive 
cells leads to the modulation of mRNA synthesis for 
specific proteins which have been shown to be 
involved in the biological responses of vitamin D 
metabolites[l]. 1,25(OH),D, has a major role in 
calcium homeostasis through its effects on calcium 
absorption in the intestine [2-81 and on bone 
mineral mobilization [9, lo]. However, many more 
organs were found to have receptors for 
1,25(OH),D, [l, 1 l] leading to the realization that 
the vitamin D endocrine system extends far beyond 
its original classical sites of action [ 11. Furthermore, 
recent studies indicate that vitamin D metabol- 
ites are associated with cell proliferation and 
differentiation [l]. 

The more recently recognized vitamin D 
metabolite, 24,25(OH),D,, which is not implicated 
in calcium transport, was shown to have important 

roles in development of endochrondral bone [12- 
14] and hatching of chick embryos [15, 161. Specific 
receptors for this metabolite were identified in para- 
thyroid gland [ 171 chondrocytes [ 181, epiphyseal 
growth plates [19] and limb bud mesenchymal 
cells[20]. It was therefore intriguing to test for 
responsiveness to both vitamin D metabolites during 
postnatal development of the rat kidney and skeletal 
tissues. It was of particular interest to compare the 
responsiveness of the brain in the rat, which is a 
postnatal developer, with brain of the rabbit which, 
like the human, is a perinatal developer, with a brain 
growth spurt from 10 days before birth to 30 days 
after birth [21]. In order to define the developmental 
role of 24,25(OH)ZD,, we have also investigated its 
influence on the development of responsiveness to 
1,25(OH),D, in kidney cell cultures. 

RAT BONETISSUES 

We have previously shown that 1,25(OH)*D, 
shows specific binding [19] and induces DNA syn- 

thesis, and ODC [22] and creatine kinase (CKBB) 
activity [23], in diaphyseal osteoblasts of vitamin 
D-depleted rats, at all ages. On the other hand, 
24,25(OH),D, is active by the same criteria [22,24] 
in chondroblasts from epiphyseal cartilage or chick 
mesenchymal cells [20,25,26] at all ages measured. 
Rat epiphyseal or diaphyseal chondroblasts at any 
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stage of development were predominantly respon- 
sive to 24,25(OH),D,, whereas osteoblasts were 
responsive to 1 ,25(OH)zD, [19,22]. In contrast, 
condylar chondroblasts (see below) show a 
developmental change in responsiveness, respond- 
ing to 24,25(OI&D, in early development and 
subsequently developing responsiveness to 
1,25(OH),D,. Therefore, it seems that epiphyseal 
chondroblasts respond similarly to embryonic and 
“young” tissues while bone-derived osteoblasts res- 
pond similarly to “adult” mature tissues. 

RAT KIDNEY 

The kidney is the principal site of synthesis of the 
dihydroxylated metabolites of vitamin D [27-291. In 
addition, adult kidney contains receptors for 
1,25(OH)zD3 [30-341, detectable both in cytoplas- 
mic and nuclear preparations. An autocrine response 
to 1,25(OH)2D3 is shown by mouse kidney by in- 
creased synthesis of two vitamin D dependent cal- 
cium binding proteins [35]. The kidney of the rat also 
contains a vitamin D dependent calcium binding 
protein[36-381 similar to those found in the in- 
testinal mucosa [39]. The concentration of renal 
calcium binding protein [35], similarly to intestinal 
calcium binding protein [40], changes with postnatal 
development, showing a marked increase starting 
from day 18. 

In kidney from vitamin D-depleted rats [41], there 
is a change in binding activity with age. 
24,25(OH)2D, binds predominantly in renal cytosol 
of 3- to 15-day old rats with maximal binding at I2 
days and shows minimal specific binding from 2 1 to 
35 days. By contrast 1,25(OH),D, is bound in in- 
creasing concentrations with age till a plateau is 
reached at 18 days. At 18 days, there is also a 
cross-over point at which there is equal binding for 
the two metabolites [41]. Between 2 1 and 35 days, 
renal cytosol binds predominantly 1 ,25(OH)zD3. 
These changes in binding during post-natal 
development are reflected in changes in respon- 
siveness, using either stimulation of CKBB activity 
or of DNA synthesis as criteria. 

Stimulation of CKBB activity 

Both vitamin D-depleted and normally fed rats 
injected with either 1,25(OH),D, or 24,25(OH),D, 
show an age-dependent response (Fig. 1). 

In normally fed rats (D+), the pattern of stimula- 
tion is similar to that found in vitamin D-depleted 
rats; first responsiveness to 24,25(OH),D,, followed 
by a switch to responsiveness to 1,25(OH)*D3. In 
l-day old vitamin-D depleted rats (D-), injected 
with either metabolite, renal CKBB is slightly 
decreased. At 2 days, no response to either metabol- 
ite is seen. In 7-day-old rats, 24,25(OH),D, caused 
an increase in CKBB activity; in 8- to 15day-old 
rats this increase reached 120%. Up to the age of 15 
days, 1,25(OH)2D, did not stimulate renal CKBB 
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Fig. 1. Age-dependent stimulation by vitamin D metabol- 
ites of renal creatine kinase activity and DNA synthesis. 
Normally fed Wistar-derived rats (D+) were killed 24 h 
after injection of 1,25(OH)aDa (3 nglg body wt), 0; or 
24,25(OH)aD, (9 rig/g body wt), 0, or vehicle (20% 
ethanol in propylene glycol). These metabolites were kindly 
provided by Prof. S. Edelstein, Department of Biochemis- 
try, The Weizmann Institute of Science. Vitamin D- 
depleted rats were raised as described previously [ 191. All 
vitamin D-deficient animals (D - ) had no detectable 
25(OH)aD, (41.6 nglml) or 1,25(OH),D, (~5 pglml) in 
their serum; they were killed 24 h after injection of 
1,25(OH)2D, (1 nglg body wt [23]), 0; or 24,25(OH),D, 
(3 ngfg body wt), 0. CKBB was extracted as described 
previously[41] and assayed at 30°C in a Gilford 250 
automatic recording spectrometer at 340 nm using a cou- 
pled assay[23]. Unit enzyme activity was defined as the 
amount yielding 1 prnol ATP/min. In parallel experiments, 
DNA synthesis, measured as [3H]thymidine (5 Cilmmol; 
Radiochemical Centre, Amersham, Bucks, England) in- 
corporation into acid-in~Iuble materiat, was assayed as 
described previously [25]. Results are expressed as 
experimental (E) divided by control (C, stippled bands) 
means f SE for n = 6-9 (CKBB data from Somjen et 

al. [41]). 

activity; from 21 to 50 days, it was increased only by 
1,25(OH),D, while 24,25(OH&D, was no longer 
effective (Fig. 1). One-day-old normally fed (D+) 
rats, injected with either metabolite, show no 
significant change in CKBB activity. In 7-20-day- 
old rats, CKBB activity is increased only by 
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24,25(OH),D, and not by 1,25(OH)*D,. From 2 1 to deficient chicks. Rat brain nuclei, which contain 
25 days after birth, renal CKBB is stimulated by both receptors for 1,25(OH)*D3 and/or calcium binding 
metabolites. However, in 29-52-day old rats, renal protein, showed an increase in choline acetyltrans- 
CKBB is stimulated exclusively by 1,25(OH)*D3 ferase activity after 1 week of treatment with 
(Fig. 1). 1,25(OH),D, [46]. 

Stimulation of DNA synthesis 

In 7-16-day-old rats [3H]thymidine incorporation 
into renal DNA is increased by 24,25(OH),D3 but 
not by 1,25(OH),D3 (Fig. 1). Unlike the CKBB 
response (Fig. 1). from 19 days after birth there is no 
response to either metabolite by increased DNA 
synthesis (Fig. 1). This parallels the situation in 
uninephrectomy which causes renal hyperplasia only 
in young rats [42]. 

Vitamin D-depleted rats injected with 

1,25(OH),D, or 24,25(OH)*D, show an age- 
dependent cerebellar response (Fig. 2). In 5- to 
14-day old rats, CKBB activity is increased in the 
cerebellum only by 24,25(OH),D, and not by 
1,25(OH),D, (Fig. 2). At 25 days, there is no res- 
ponse to 24,25(OH)*D,. but CKBB activity in the 
cerebellum is increased by 1,25(OH),D,. 

In cerebrum there is no response to any of the 
metabolites at any age (cf. below, rabbit cerebellum). 

RAT CEREBELLUM 

The sequential responsiveness found in the rat 
kidney led to analyses of the cerebellum, since 
calcium binding proteins [43,44], similar to those 
induced by 1,25(OH)2D, in the intestine, were also 
reported in the brain. An increase in immunoreac- 
tive calcium binding protein was found [45] in chick 
cerebellum following chronic, but not acute, ad- 
ministration of vitamin D to severely vitamin D- 

I I 

Condyle 

(3 30 I 1 I I I 
D+ _Condyle 

4 
Age (days) 

Fig. 2. Age-dependent stimulation by vitamin D metabol- 
ites of cerebral, cerebellar and condylar CKBB activity. 
Condylar CKBB activity was measured in normally fed 
(D+) and vitamin D-depleted (D-) rats. Experimental 
details are given in the legend to Fig. 1.0, 1,25(OH)*D,: 
0, 24,25(OH)2D,. Results are expressed as experimental 
(E) divided by control (C, stippled bands) means f SE for 

n = 4-6 (SGmjen et al.. submitted for publication). 

In experiments using rat pituitary in organ culture, 
we could demonstrate an increase of CKBB activity 
in 12-day-old organs only by 24,25(OH),D, (from 
2.2 to 4.2 U/mg protein) and at 60 days exclusively 
by 1,25(OH),D3 (from 3.1 to 4.8 U/mg protein). 
Thus, in the nervous system, parallel sequential 
changes in responsiveness to vitamin D metabolites 
appear to occur in pituitary and cerebellum, similar 
to the developmental changes shown in kidney. 

RAT CONDYLE 

Condyles of vitamin D-depleted rats (D-) in- 
jected with either 1,25(OH)*D3 or 24,25(OH)*D, 
also show an age-dependent response (Fig. 2). This 
tissue differs from the endochondrial bone forming 
tissue, the epiphysis, in that the chondrocytes 
undergo calcification directly without going through 
the stage of bone formation. In 5-9-day old rats, 
CKBB activity is increased only by 24,25(OH),D, 
and not by 1,25(OH)*D, (Fig. 2). At 25 days after 
birth, condylar CKBB is stimulated only by 
1,25(OH),D3 (Fig. 2). 

In normally fed (D+) 6-day-old rats, only 
24,25(OH)2D, stimulates condylar CKBB activity 
while in 31-day-old rats, condylar CKBB is stimu- 
lated only by 1,25(OH)*D,. At 21 days after 
birth, condylar CKBB is stimulated more by 
24,25(OH)*D, than by 1,25(OH)2D,. 

RABBIT ORGANS 

Since the rabbit is a perinatal developer, compared 
with the rat, in which the development of some 
organs (particularly the brain) is shifted postnatally, 
it was of interest to compare the response of rats and 
rabbits to the vitamin D metabolites. The same 
pattern of response is found in rabbits as previously 
seen in rats but shifted to the perinatal rather than the 
postnatal period. 

Normally fed rabbits injected with either 

1,25(OH),Dz or 24,25(OH)*D3 show an age- 
dependent response of CKBB in cerebellum and 
kidney (Fig. 3) but not in cerebrum or liver (not 
shown). In the cerebellum, 24,25(OH),D,, but not 
1 .25(OH)zD3, significantly increases CKBB activity 
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Fig. 3. Age-dependent stimulation by vitamin D metabol- 
ites of CKBB activity in cerebellum, kidney and epiphyses 
of normally fed rabbits. New Zealand white does were 
raised at the Tel Aviv University animal colony; fetuses or 
newborns from 6 days before to 15 days after birth were 
used. Rabbits wcrc treated with the same doses as nor- 
mally fed rats (see Fig. 1). ‘1’0 inject fetuses with the 
metabolites. a cesarean section was performed. Three 
groups of fetuses in each female were designated for i.p. 
injection of the metabolitcs or the vehicle into the abdo- 
men of each fetus. The uterus was returned to the ab- 
dominal cavity and both muscle and skin closed with single 
stitches. Further experimental details are given in the 
legend to Fig. 1. Results are expressed as experimental (E) 
divided by control (C, stippled bands) meansi SE for 

n = h-l 2,O. I .X(OH),D,; (3. 24.25(OH)zD,. (Cerebellar 
data from Binderman cf al.. submitted for publication; 
kidney and epiphysis data from S(imjen ef al., submitted for 

publication. 

from -6d (6 days before birth) to 3 days after birth. 
At 15 days, only 1,25(OH),D, increases CKBB 
activity, whereas at 8-9 days both metabolites sti- 
mulate the activity of CKBB (Fig. 3). The cerebrum 
(or liver) does not respond, at any age tested, to 
either of the metabolites. 

The differences between the different brain 
regions in their response to vitamin D metabolites 
may be explained by differences in the pattern of 
development in the rabbit of the cerebrum and the 
cerebellum during the perinatal period up to 3 weeks 
of age[21]. During this time, the growth of the 
cerebellum is characterized predominantly by cell 
proliferation while in the cerebrum an increase in cell 
size is the main characteristic [2 I]. 

The increase in CK activity during the stage of 
most rapid celi division in the rabbit cerebellum 

(from 1.2 to 2.2 U/mg protein between -6 and I5 
days) and its stimulation by 24,25(OH)*D, to a 
greater extent in prenatal than in postnatal cere- 
bellum, is reminiscent of other rat and avian systems 
in which CK activity paraliels growth and 
division [47,48]. 

In the rabbit kidney, the response to vitamin D 
metabolites is similar to that in the cerebellum. At -6 
days to +3 days. 24,25(OH),D, but not 1 ,25(OH)ZD, 
increases CKBB activity. At I5 days, only 
l,Z(OH),D, increases CKBB activity while at 8-Y 
days both metabolites stimulate enzyme activity. 

In parallel experiments using the rabbit epiphysis, 
there is an increase in CKBB activity caused only by 
24,25(0&&D,, throughout the age range tested (-3 
to +15 days). 1,25(C)H)ZD, does not affect enzyme 
activity in this age range. 

RAT KIDNEY CULTURES 

The influence of 24,25( OH)*D3 on the development 
of res~ns~vene~s to 1.25( OH)7_ Ds 

Cell cultures from kidneys of l-week-old rats 
respond by both increased CKBB specific activity 
and increased DNA synthesis only to 24,25(OH)zD, 
(Fig. 4). whereas cell cultures prepared from kidneys 
of 5-week-old rats respond only to 1,25(OH),D,. As 
found in uivo (Fig. l), an intermediate stage occurs; 
cell cultures from kidneys of 3-week-old rats respond 
to both metabolites. 

When cells were treated daily with either vehicle 
or 1,25(OH),D,. no effect on their pattern of res- 
ponsiveness to addition of either metabolite is 
observed at any age, in terms of either increased CK 
activity (Fig. 5), or augmented DNA synthesis 
(Fig. 6). However, chronic treatment with 
24,25(OH)ZD, causes precocious development of 
responsiveness to 1,2S(OH),D, in cell cultures from 
kidneys of I-week-old rats (Figs 5 and 6). Similarly. 
in cell cultures from kidneys of 3-week-old rats, 
24,25(0H),D, treatment increases the responsive- 
ness to 1,2S(OH)*D, and abolishes the responsive- 
ness to 24,25(OH),D, (Figs 5 and 6). In cell cultures 
from kidneys of 5-week-old rats. 24,25(OH)zD, no 
longer has any effect on hormonal responsiveness 
(Figs 5 and 6). Daily treatment with PTH has no 
effect on the responsiveness of cultures from kid- 
neys of 1 -week-old rats. However, combined 
treatment with 1,2S(OH),D, and 34,2XOH),D, 
caused the loss of responsiveness to 24,7S(OH),D, 
in cultures from kidneys of 3-week-old rats, but did 
not atfect responsiveness in cell cultures prepared 
from kidneys of 5-week-old rats. 

DOES 24,25(OH),D, PLAY A ROLE tN NORMAL 
DEVELOPMENT? 

The responsiveness to 24,25(OH),D, in non- 
skeletal tissues (such as kidney and cerebellum), 
predominantly during early development, suggests 
that this vitamin D metabolite should be tested for a 
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Fig. 4. Age-dependent responsiveness to vitamin D 
metaboiites of renal ceil cultures. Kidneys from l-, 3- and 
5-week-old rats were excised, minced and digested in 
0.25% trypsin-EDTA for 5 min. The released ceils were 
discarded and the remaining fragments redigested for 2 
additional lo-min periods in 0.25% trypsin-EDTA. 
Released ceils were seeded (300,000 ceils/35 mm culture 
dish) in BGJ medium (Maagar, Kibbutz Beit Haemek, 
Israel) modified to contain 1 mM Caz+ and supplemented 
with 10% fetal calf serum. Ceils were grown for 6-12 days 
until they reached confluence and were treated with 12 nM 
of either 25(OH)zD, @SD& 1,25(OH)aDa (1,25D3) or 
24,25(OH),D3 (24,25Ds) for 24 h. CKBB activity was 
measured as described in the legend to Fig. 1. t3H]Thy- 
midine incorporation into DNA during the last 2 h of the 
incubation period was assayed as described previously [25]. 
The results are means&SE for n =9-12 (Somjen et al., 

[53]. 

role in this process, not only in kidney and cere- 
bellum, but perhaps in other organs and in species 
other than rat and rabbit. 

We have demonstrated [4 l] a correlation between 
the type and concentrations of renal binding proteins 
for vitamin D metabolites and response to these 
metabolites by an increase in creatine kinase activity, 
as well as a correlation between enzyme induction 
and stimulation of DNA synthesis in severai 
organs [49]. This suggests that the increase in CKBB 
activity caused by the two vitamin D metabolites at 
different stages of development is mediated by the 
parallel, age-related, changes in the concentration of 
specific binding proteins for the metabolites, each of 
which may have a specific role during development. 
In the postnatal development of the intestine, the 
increase in calcium binding protein in response to 
1,25(OI&D3 starts only from day 18 [3S]. No data 
have yet been reported on possible changes in in- 
testinal mucosa in younger animats caused by 
24,25(OH)2D,. 

Control l,25tOH$03 24,25,-toH)LC 

I,25 24,25 I,25 %I,25 I,25 24,25 

D3 D3 D3 D3 B3 D3 

Fig. 5. The effect of chronic treatment with either vehicle 
(control), 1,25(OH)aD3, (1,25Ds) or 24,25(OH)2D, 
(24,25D),) on the responsiveness of renal cell cultures to 
vitamin D metaboiites by increased CKBB activity. 
Chronic treatment of cells was carried out from day 1 of 
culture; 12 nM 24,25(OH)aDa, 1.2 nM 1,25(OHfzD, or 
10 PI/m1 of 20% ethanol in saline (vehicle) was added to the 
medium daily, for 1 week. Two days later, the responsive- 
ness to either hormone was measured. Cells were cultured 
and treated as in the legend to Fig. 4. CKBB was extracted 
and assayed as described in the legend to Fig. 1. Results are 
expressed as experimental divided by control means f SE 

for n = 6-9 (Siimjen el al.. [53]). 

The results obtained with kidney cell cultures (Figs 
4-6) in which we can accelerate the maturation of the 
kidney by chronic treatment with 24,25(OH)ZD, but 
not 1,25(OHfZD, (Figs 5, 6) provides data for the 
general hypothesis that 24,25(OH)zD, acts in kid- 
ney, and in other tissues, as a maturation factor, 
possibly by induction of the development of recep- 
tors to 1,2S(OH),D3, accompanied by down-regula- 
tion of its own receptors. This concept has been 
previously investigated in the pig kidney cell line 
(LLC-PKl), human skin fibroblasts and human 
mammary cancer cells (MCF-7) [SO]. In these cells, 
24,2.5(OH),D3 caused an increase of 2OO-400% in 
the number of 1 ,25(OI&DJ receptors without alter- 
ing their affinity. The increase takes place within 
16-20 h of treatment and is partially dependent on 
RNA synthesis. Moreover, in chick intestine, 
24,25(OH)*D, allosterically modulates the binding 
of 1,25(OH),D, to its chromatin receptor[Sl], 
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Fig. 6. The effect of chronic treatment with either vehicle 
(control), 1,2S(OH)zDs (1,25D,) or 24,25(OH)ZD3 
(24,25Ds) on the responsiveness of renal cell cultures to 
vitamin D metabolites by increased DNA synthesis. Cells 
were cultured and assayed as described in the legend to Fig. 
4. Chronic treatment was described in the legend to Fig. 5 
and DNA synthesis was analyzed as described in Fig. I. 
Results are expressed as experimental divided by control 

means *SE for n = 6-9 (SSmjen et a1.,[53]). 

separately from its own specific binding domain in 
chick intestinal chromatin. This specific binding of 
24,25(OH),D, is independent of the 1,2S(OH)zD3 

receptor [52]. 
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