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There is increasing evidence that vitamin D metabolites have a developmental function. We have investi- 
gated the influence of the vitamin D status on the activity of creatine kinase in the brain. Normally fed rats 
show an increase in the specific activity of cerebral and cerebellar creatine kinase during postnatal 
development. Vitamin-D-depleted rats failed to show this normal increase. Developing cerebellum, but not 
cerebrum, in both vitamin D-depleted rats and in normally fed animals, responded sequentially to a single 
injection of a vitamin D metabolite by displaying increased creatine kinase specific activity. In 5-25-day-old 
rats, 24R,25-dihydroxyvitamin D-3 significantly increased creatine kinase specific activity 24 h after 
injection. ID contrast, 1,25-dihydroxyvitamin D-3 stimulated cerebellar creatine kinase activity from 20 days 
after birth. A similar pattern of sequential responsiveness to vitamin D metabolites, but at an earlier age, was 
sho~a in the cerebellum of the rabbit, which is a 'perinatal brain developer' compared to the rat, a 'postnatal 
brain developer'. Because of the difficulty in obtaining vitamin D-depleted rabbits, studies were carried out 
in normally fed animals. In these rabbits, 24R,25-dihydroxyvitamin D-3 stimulated cerebellar creatine kinase 
activity between 6 days before birth and 9 days after birth, while 1,25-dihydroxyvitamin D-3 caused an 
increase in cerebellar creatine kinase specific activity from 8 days after birth. These developmental 
differences found in creatine kinase basal activity and responsiveness are correlated with differences in 
cellular growth rates, both in the rabbit and in the rat, suggesting that vitamin D metabolites may be required 
for optimal cerebellar development. 

Introduction 

Vitamin D is a prohormone for the more polar 
metabolites, 1a,25-dihydroxyvitamin D-3 (1,25 

Abbreviations: 1,25(OH)2D3, la,25-dihydroxyvitamin D-3; 
24,25(OH)2D3, 24R,25-dihydroxyvitamin D-3. 
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Hospital, Tel Aviv 64239, Israel. 

(OH)2D3) and 24R,25-dihydroxyvitamin D-3 
(24,25(OH)2D3). 1,25(OH)2D 3 is the classical 
metabolite involved principally in calcium metab- 
olism and acts on a range of adult organs contain- 
ing specific receptors (reviewed in Ref. 1). The 
vitamin D metabolite, 24,25(OH)2D 3 has not been 
implicated in calcium transport. However, it is 
probably involved in embryonic development of 
endochondral bone [2-5] and in growth of carti- 
lage [6,7] including activation of enzymes in carti- 
lage such as alkaline phosphatase [8]. 
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In addition to the classical organs responsive to 
vitamin D, such as bone, intestine and kidney, 
evidence is accumulating for interactions of vita- 
min D metabolites in other organs, including the 
brain (see review by Norman et al., Ref. 1). Re- 
ceptors for 1,25(OH)2D 3 have been found in 
specific neurons and in the hippocampus [9,10] by 
both autoradiographic and immunocytochemical 
techniques. Moreover, specific localization of tri- 
tium labeled 1,25(OH)2D 3 was demonstrated in 
neurons of rat forebrain, hindbrain and spinal 
cord. In the pituitary, a receptor for 1,25(OH)2D 3 
has been identified biochemically [11]. In addition 
to vitamin D receptors, vitamin D-dependent 
calcium-binding protein was also found in the 
brain. Its highest concentration is in the cerebel- 
lum in which the protein is localized in the Purkinje 
cells [10,12,13]. Since there is also autoradio- 
graphic evidence that granule cell nuclei of the 
cerebellum contain receptors for 1,25(OH)2D3 
[10], these observations suggest that the cerebel- 
lum may respond to the hormone. If this were so, 
it would broaden the functional significance of 
vitamin D to include the cerebellum and contrib- 
ute to the recent extension of the action of 
1,25(OH)2D 3 beyond its role in calcium transloca- 
tion in epithelial cells [1]. 

Recently, we showed that an increase in activity 
of the brain type isozyme of creatine kinase (ATP: 
creatine phosphotransferase, EC 2.7.3.2) is stimu- 
lated in the rat kidney, by the two vitamin D 
metabolites [14,15]. They act at different stages of 
postnatal development, correlated with changes in 
the concentrations of 1,25(OH)2D 3 receptors or 
24,25(OH)2D 3 binding proteins [15]. It was there- 
fore of interest to discover whether this pattern of 
differential responsiveness to vitamin D metabo- 
lites could be found in the brain. We report here 
that normal development of creatine kinase activ- 
ity does not take place in the brain of vitamin 
D-depleted rats. The cerebellum, but not the 
cerebrum, was found to be sequentially responsive 
to the two metabolites during different stages in 
development. It was particularly interesting to find 
similar sequential responsiveness in the cerebellum 
of the rat, which is a postnatal developer, and in 
the rabbit, which, like the human, is a 'perinatal 
brain developer' [16]. 

Parts of this work were presented at the Fourth 

International Child Neurology Congress, Jerusa- 
lem, March 1986 at the Sixth International Con- 
gress on Hormonal Steroids, Madrid, September, 
1986, and at the Seventh International Workshop 
on Vitamin D, Rancho Mirage, April, 1988. 

Materials and Methods 

Experimental animals 
Rats. Vitamin D-depleted Wistar rats were 

raised as described previously [17]. Females were 
fed a vitamin D-deficient diet containing 0.75% 
calcium and 0.50% phosphorus (which kept them 
normocalcemic and normophosphatemic) and were 
kept in the dark. When they were 130 days old, 
the females were mated with normal males and 
maintained during gestation and lactation on the 
same vitamin D-deficient diet. Male and female 
vitamin D-depleted rats were used between the 
ages of 5 and 65 days as indicated. None of the 
vitamin D-deficient animals had any detectable 
circulating 25(OH)D 3 (no more than 0.16 ng/ml 
compared to 15 + 4  ng/ml  in normally fed 
animals) or 1,25(OH)2D 3 (no more than 5 pg/ml 
compared to 95_  10 ng/ml), as measured by a 
competitive protein-binding assay, following pre- 
parative Sephadex LH-20 chromatography of the 
lipid extract [18,19] of their serum. 

Rabbits. New Zealand white does were raised at 
the Tel Aviv University animal colony; fetuses or 
newborn animals were used between 6 days before 
and 15 days after birth. 

Biochenffcals 
24,25(OH)2D 3 and 1,25(OH)2D 3 were kindly 

provided by Professor S. Edelstein, Department of 
Biochemistry, Weizmann Institute of Science. Re- 
agents for the assay of creatine kinase activity 
were purchased from Sigma, St. Louis, MO. 

Hormonal treatment 
Batches of vitamin D-depleted rats at different 

ages were randomly divided into three experimen- 
tal groups and were injected intraperitoneally with 
1 ng/g  body weight of 1,25(OH)2D 3 or 3 ng/g  
body weight of 24,25(OH)2D a or with vehicle 
(20% ethanol in propylene glycol) and killed 24 h 
later for collection of cerebellar and cerebral sam- 
ples. These doses were chosen as they were close 



to the midpoint of a previously reported dose-re- 
sponse curve [20] for the action of 24,25(OH)2D 3 
on the epiphyses of vitamin D-depleted rats, and 
had been used for the stimulation of rat renal 
creatine kinase [15]. 

Normally fed rats and rabbits were injected 
with three times the dose given to vitamin D- 
depleted rats in order to produce a circulating 
level of vitamin D metabolites significantly higher 
than that in the untreated animals. These doses 
were based on previous data [15,20] and on mea- 
surements of average fetal weight from previous 
experiments. 

In order to inject fetuses with the metabolites, a 
hysterotomy was performed; the uterine horns 
were gently lifted out, avoiding unnecessary 
trauma. The fetuses in each female were separated 
into three groups for intraperitoneal injection of 
the metabolite or the vehicle into the abdomen of 
each fetus. The uterus was gently returned to the 
abdominal cavity and muscle and skin each closed 
with a single stitch. 

Creatine kinase preparation and assay 
Rats or rabbits were killed with diethyl ether 24 

h after injection and the cerebrum and cerebellum 
were removed and stored at - 2 0  ~ C. The time of 
24 h was chosen, since, in other systems in which 
the brain type isozyme of creatine kinase was 
increased by a single injection of a vitamin D 
metabolite, 24 h samples (the latest time tested) 
showed the highest activity [20,21]. 

Rabbit fetuses were removed" by cesarean sec- 
tion 24 h after injection; the brain was excised and 
the separated cerebrum and cerebellum were stored 
at - 2 0 ~  

Samples were homogenized in a buffer contain- 
ing isotonic sucrose [20], using a teflon-glass ho- 
mogenizer and centrifuged in a microcentrifuge 
(Eppendorf) at 12000 • g for 5 min. The creatine 
kinase activity was determined in the supernatant 
using a coupled spectrophotometrie assay [20]. 1 
unit was defined as the activity catalyzing the 
formation of 1 #mol of ATP per rain at 30~ 
and the specific activity was defined in units per 
mg protein. 

Statistical treatment. A student's t-test was used 
to compare treated versus control means. 
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R e s u l t s  

Decreased creatine khlase activity in brain of vita- 
min D-depleted rats during postnatal development 

The normal pattern of increase of creatine 
kinase activity in both the cerebrum and cerebel- 
lum during postnatal development of normally fed 
rats is a classical saturation-type curve (Fig. 1), 
which shows the steepest slope between 5 and 10 
days and reaches a plateau in the cerebrum by 
15-20 days and in the cerebellum a few days later 
- at approx. 25 days after birth. In contrast, 
vitamin D-depleted rats failed to show any in- 
crease in creatine kinase activity in either cerebrum 
and cerebellum between 5 and 65 days after birth 
(Fig. 2). The basal activity of creatine kinase 
showed a roughly parallel pattern of fluctuations 
in cerebrum and in cerebellum of vitamin D- 
depleted rats during this period (Fig. 2). 

Age-dependence of brahl creatine kinase response to 
vitamin D metabolites in vitamin D-depleted and 
normal rats 

There was a striking difference between 
cerebrum and cerebellum in their responsiveness 
to vitamin D metaboUtes during postnatal devel- 
opment in vitamin D-depleted rats (Fig. 3). The 
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Fig. 1. Specific activity of creatine kinase in the brain of 
normally fed rats during postnatal development. Portions of 
cerebrum and the entire cerebellum were assayed as described 

previously [20]. The results are means+ S.E. for n = 5-8. 
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Fig. 2. Specific activity of creatine kinase in the brain of 
vitamin D-depleted rats during postnatal development. Por- 
tions of cerebrum and the entire cerebellum were assayed as 
described previously [20]. The results are means+S.E,  for 

n = 6-12. 

data in Fig. 3 (and Fig. 5 to follow) are expressed 
as ratios of values from experimental (vitamin 
D-injected) and control (vehicle-injected) animals 
to simplify presentation, since the values for 
vehicle-injected animals (Figs. 2 and 4) are not 
simple functions of age. For example, in vitamin 
D-depleted rats, 5 days after birth, the specific 
activity of creatine kinase in cerebellum is nearly 3 
#mo l /min  per mg protein. Injections of 
24,25(OH)2D 3 (3 ng/g body weight), increased 
the specific activity of creatine kinase 24 h later to 
a value of 6.8 #mol/min per mg protein, resulting 
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Fig. 4. Specific activity of creatine kinase in rabbit brain, 
during perinatal development. Portions of cerebrum and cere- 
bellum were assayed as described previously [20]. The results 

are means+  S.E. for n = 3-9.  

in the ratio of experimental to control values 
(E/C) of  2.25, presented in Fig. 3. 

Neither 1,25(OH)2D 3 nor 24,25(OH)2D 3 
stimulated creatine kinase activity in the vitamin 
D-depleted rat cerebrum (Fig. 3). However, in the 
cerebellum of the vitamin D-depleted rat, 
24,25(OH)ED 3 significantly increased creatine 
kinase activity from 5 to 25 days after birth while 
1,25(OH)ED 3 stimulated creatine kinase activity 
from day 21 (Fig. 3). 
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Fig. 3. Creatine kinase specific activity in the brain of vitamin D-depleted rats, during postnatal development, 24 h after 
intraperitoneal injection of vitamin D metal~olites. Rats were treated as described in Materials and Methods and creatine kinase was 
assayed as described previously [20]. The results ( E / C )  are means+S.E.  (for n = 6 - 1 2 )  of experimental divided by control 
(vehicle-injected) values. The broken lines indicate the average S.E. of  the mean control values taken from data presented in Fig. 2. 

Significance of experimental vs. control values was calculated by a Student's t-test; a, P < 0.05; b, P < 0.01; c, P < 0.001. 



A preliminary test of responsiveness to vitamin 
D metabolites in normally fed rats showed that 
stimulation of brain creatine kinase occurred also 
in these animals. As in the vitamin D-depleted 
rats, only cerebellar and not cerebral creatine 
kinase was stimulated. Cerebellar creatine kinase 
activity, was stimulated by 3.2-fold at 5 days 
(compared to the normal values shown in Fig. 1), 
1.8-fold at 10 days and 1.3-fold at 20 days by 
24,25(OH)2D3, while 1,25(OH)2D 3 stimulated 
cerebellar creatine kinase activity 1.4-fold at 20 
days and 1.7-fold at 40 days. These results 'indi- 
cated that experiments could be made using nor- 
mally fed animals. 

Creatine kinase activity in perinatal rabbit brain 
It was particularly interesting to study the re- 

sponse of the rabbit, since like the human and 
unlike the rat, it is a 'perinatal brain developer' 
[16]. Because of the difficulty in obtaining vitamin 
D-deficient rabbits, normally fed rabbits were used 
in these studies. 

We chose to study creatine kinase activity from 
6 days prenatally until 15 days postnatally. This is 
within the time period of the brain growth spurt, 
which is normally from 10 days before birth to 30 
days after birth [16]. During the period studied, 
the basal activity of creatine kinase shows a differ- 
ent developmental pattern in the rabbit cerebrum 
and cerebellum (Fig. 4). The basal creatine kinase 
activity in embryonic cerebrum at 6 days before 
birth is higher than the value in the cerebellum at 
this age (Fig. 4). In both cerebrum and cerebel- 
lum, creatine kinase activity rises between 3 days 
before birth and birth. The cerebrum maintains 
the high creatine kinase activity reached at birth 
until and including day 3; then there is a decline 
by day 8 to the level of activity measured at 3 days 
before birth. This value for cerebral creatine kinase 
activity remains the same up to day 15 after birth. 
Cerebellar creatine kinase, also higher at birth 
than at 3 days before birth, declines by day 3 after 
birth then shows a second rise by day 9, which is 
maintained to reach peak activity at day 15, the 
latest day tested (Fig. 4). 

Age-dependence of the brain creathze kinase re- 
sponse to vitamh~ D metabolites hz normal rabbits 

The same striking difference between the 
cerebrum and cerebellum in their responsiveness 
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Fig. 5. Creatine kinase specific activity in the brain of the 
perinatal rabbit, 24 h after intraperitoneal injection of vitamin 
D metabolites. Rabbits were treated as described in the text 
and creatine kinase was assayed as described previously [20]. 
The results (E/C) are means+S.E. (for n = 6-12) of experi- 
mental divided by control (vehicle injected) values. For n ~< 3 
only the means and no error bars are given. The broken lines 
indicate the average S.E. of the mean control values taken from 
data presented in Fig. 4. Significance of experimental vs. 
control values was calculated by a Student's t-test, a, P < 0.05; 

b, P < 0.01; c. P < 0.001. 

to 1,25(OH)2D 3 and 24,25(OH)2D 3 during the 
postnatal development of the rat was seen in the 
rabbit during the perinatal period. Neither 
1,25(OH)2D 3 nor 24,25(OH)2D 3 induced creatine 
kinase activity in the rabbit cerebrum (Fig. 5). 
However, in the rabbit cerebellum, 24,25(OH)2D 3 
significantly increased creatine kinase activity from 
6 days before birth to 9 days after birth, while 
1,25(OH)2D 3 stimulated creatine kinase activity 
only from day 8 after birth (Fig. 5). At 6 and 3 
days before birth, 24,25(OH)2D 3 increased crea- 
tine kinase activity by 2.25-fold, and from the day 
of birth to 9 days after birth, by 1.5 fold. 
1,25(OH)2D 3 increased creatine kinase activity 
from day 8 to day 15 after birth by the same 
1.5-fold (Fig. 5). 

Discussion 

The results of this investigation reveal that the 
specific activity of creatine kinase, in the cerebel- 
lum (but not in the cerebrum) of developing rats 
and rabbits, can be modulated by the availability 
of vitamin D metabolites. Furthermore, cerebellar 
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creatine kinase activity is susceptible to stimula- 
tion by 24,25(OH)2D 3 at an early stage of devel- 
opment (prenatal in the rabbit, immediately post- 
natal in the rat). This stage lasts in the rat for 2-3 
weeks and is followed by a stage in prepubertal 
development in which the responsiveness to 
24,25(OH)2D 3 is lost, but is replaced by responsi- 
veness to 1,25(OH)2D 3 which then persists into 
adult life. 

The differences in creatine kinase activity and 
responsiveness to vitamin D metabolites found in 
the cerebrum and cerebellum may be a conse- 
quence of differences in their developmental pat- 
terns. During the perinatal period in the rabbit, up 
to 3 weeks of age [16], and postnatally in the rat, 
the cerebellum develops relatively late in compari- 
son with other parts of the brain, and is thus 
largely a postnatal acquisition [22-24]. At this 
stage, growth in the cerebellum is characterized 
predominantly by cell proliferation, while in the 
cerebrum increase in cell size [16,24] is the main 
characteristic. 

The increase in creatine kinase activity during 
the stage of most rapid cell division in the cerebel- 
lum of untreated animals and its stimulation by 
24,25(OH)2D 3 in the cerebellum of prenatal and 
early postnatal animals, is reminiscent of other rat 
and avian systems in which creatine kinase activ- 
ity parallels growth and division [25-27]. The use 
of stimulation of creatine kinase activity as a 
marker for hormone action in this case, parallels 
its use in chick [21], rat [20] and human [251 
systems for vitamin D metabolites, and for an 
extremely wide range of other steroid and peptide 
hormones and growth factors [25-29]. Particularly 
striking is the parallel sequential responsiveness to 
vitanfin D metabolites in the cerebellum, reported 
in this paper, and in the kidney, as reported 
previously [15]. In kidney cells in culture [14] we 
found that 24,25(OH)2D 3 but not 1,25(OH)2D3 
could accelerate the maturation of responsiveness 
to 1,25(OH)2D 3, perhaps via induction of recep- 
tors for 1,25(OH)2D 3 [31]. 

Reports of interactions between vitamin D 
metabolites and the brain, have, until now, dealt 
with the description of vitamin D binding [9] 
accompanied by the presence of calcium binding 
proteins [10,12,13] similar to those induced by 
1,25(OH)2D 3 in the intestine [32]. An increase in 

immunoreactive calcium-binding protein was 
found in chick cerebellum following chronic, but 
not acute, administration of vitamin D to severely 
vitamin D-deficient chicks [33]. Specific rat brain 
nuclei, which contain receptors for 1,25(OH)zD 3 
and/or  calcium binding protein, showed an in- 
crease in choline acetyltransferase activity after 1 
week of treatment with 1,25(OH)2D3 [34]. 

To the best of our knowledge, the present re- 
port is the first to demonstrate an acute effect of 
vitamin D metabolites on the brain. Moreover, the 
pattern of creatine kinase activity as a function of 
age (Fig. 2) in vitamin D-deficient rats, in both 
cerebellum and cerebrum, is strikingly different 
from the normal saturation-type growth curve of 
creatine kinase activity in the cerebrum and cere- 
bellum (Fig. 1) or in whole brain of normal rats 
[28], which shows the most rapid rate of increase 
between 5 and 15 days after birth. The dis- 
crepancy in availability of creatine kinase activity 
between normally fed and vitamin D-deficient rats 
suggests that vitamin D depletion may indeed 
have a deleterious effect on brain development. 
The higher specific activity of creatine kinase in 
cerebellum and cerebrum of vitamin D-depleted 
rats immediately after birth, compared to 15 days 
later, may be due to the incomplete vitamin D 
depletion in the fetus. The capacity for carrying 
out the synthesis of both 24,25(OH)2D 3 and 
1,25(OH)zD 3 has been found in human decidua 
and placenta [30] which may be capable of utiliz- 
ing lower circulating concentrations of precursor 
molecules than the kidney of the mother or the 
newborn. Such a hypothesis could explain the 
drop in creatine kinase activity after birth when 
the pups receive vitamin D-depleted milk. 

In considering the mechanism of stimulation of 
creatine kinase in the cerebellum by vitamin D 
metabolites, a comparison with the stimulation of 
creatine kinase activity by estrogen in the rat 
uterus is a useful starting point. Despite the fact 
that 1,25(OH)/D 3 or 24,25(OH)2D 3 transport 
through the rat blood-brain barrier [35] is more 
restricted than the transport of 17fl-estradiol [36], 
autoradiographic studies [9] and the results pre- 
sented in this paper demonstrate that sufficient 
amounts of 1,25(OH)2D 3 and probably also 
24,25(OH)/D 3, reach cell nuclei in the brain and 
presumably act there analogously to steroid 



hormones such as estrogen, although an indirect 
effect is also possible. Since accumulation of 
mRNA for the brain type isozyme of creatine 
kinase is stimulated by estrogen in rat uterus [37], 
and actinomycin D prevents the stimulation of 
creatine kinase activity by parathyroid hormone in 
bone cells [26], it is possible that vitamin D 
metabolites stimulate cerebellar creatine kinase via 
increased steady-state concentrations of mRNA 
for the brain type isozyme of creatine kinase. This 
possibility is supported by our first molecular 
hybridization experiments showing that mRNA 
for CKB increases 4-fold 2 h after injection of 
24,25(OH)2D 3 into 5 day-old vitamin D depleted 
rats [38]. Thus, in addition to providing a marker 
capable of revealing previously undetected 
hormonal responsiveness, the rapid stimulation of 
the gene for the brain type isozyme of creatine 
kinase may provide a favorable system for the 
investigation of how diverse hormones can stimu- 
late the same gene. 

Acknow'ledgements 

We thank Dr. N. Kariv, Animal Center, Tel 
Aviv University, for his help in the surgical proce- 
dures, Mrs. E. Berger for excellent technical assis- 
tance and Mrs. Rona Levin for her efficient 
processing of the manuscript. This research was 
supported in part by a grant from the Rockefeller 
Foundation. A.M.K. is the incumbent of the 
Joseph Moss Professorial Chair in Molecular En- 
docrinology at the Weizmann Institute of Science. 

References 

1 Norman, A.W., Roth, J. and Orci, L. (1982) Endocrinol. 
Rev. 3, 331-336. 

2 Corvol, M.T., Dumontier, M.F., Carabedian, M. and Rap- 
paport, R. (1978) Endocrinology 102, 1269-1274. 

3 Malluche, H.H., Henry, H., Meyer-Saballek, W., Sherman, 
S., Massry, S.G. and Norman, A.W, (1980) Am. J. Physiol. 
238, E494-E496. 

40 rnoy ,  A., Goodwin, D., Noff, D. and Edelstein, S. (1978) 
Nature 276, 517-519. 

5 Endo, H., Kiyoki, M., Kawashima, K., Naruchi, T. and 
Hashimoto, Y. (1980) Nature (London) 286, 262-265. 

6 Ulman, A., Brami, M., Dumontier, M.F., Bourguignon, J., 
Tsagris, L. and Corvol, M.T. (1985) in Vitamin D, A 
Chemical, Biochemical and Clinical Update (Norman, 
A.W., Schaefer, K., Grigoleit, H.-G. and Herroth, D.V., 
eds.), pp. 275-281, Walter de Gruyter, Berlin. 

15 

7 Reddi, A.H. and Weintraub, S. (1985) in Vitamin D, A 
Chemical, Biochemical and Clinical Update (Norman, 
A.W., Schaefer, K., Grigoleit, H.-G. and Herroth, D.V., 
eds.), pp. 1174-1180, Walter de Gruyter, Berlin. 

8 Hale, L.V., Kemick, M.L.S. and Wutheir, R.E. (1986) J. 
Bone Mineral Res. 1,489-495. 

9 Stumpf, W.E., Sr, M., Clark, S.A. and De Luca, H.F. (1982) 
Science 215, 1403-1405. 

10 Clemens, T.L., Zhou, X.Y., Pike, J.W., Haussler, M.R. and 
Sloviter, R.S. (1985) in Vitamin D, A Chemical, Biochem- 
ical and Clinical Update (Normal, A.W., Schaefer, K., 
Grigoleit, H.-G. and Herroth, D.V., eds.), pp. 95-96. Walter 
de Gruyter, Berlin. 

11 Pike, J.W., Gooze, L.L. and Haussler, M.R. (1980) Life Sci. 
26, 407-414. 

12 Jande, S.S., Tolnai, S. and Lawson, D.E. (1981) Histoche- 
mistry 71, 99-116. 

13 Jande, S.S., Maler, L. and Lawson, D.E.M. (1981) Nature 
294, 765-767. 

14 StSmjen, D., Earon, Y., Harell, S., Shimshoni, Z., Weisman, 
Y., Harell, A., Kaye, A.M. and Binderman, I. (1988) J. 
Steroid Biochem. 27, 807-813. 

15 SSmjen, D., Weisman, Y., Berger, E., Eaton, Y., Kaye, I. 
and Binderman, I. (1986) Endocrinology 118, 354-359. 

16 Harel, S., Watanabe, K., Linke, I. and Schain, R.J. (1972) 
Biol. Neonate 21,381-399. 

17 S~mjen, D., S~Smjen, G.J., Weisman, Y. and Binderman, I. 
(1982) Biochem. J. 204, 31-36. 

18 Eisman, J.A., Hamstra, A.J., Kream, B.E. and DeLuca, 
H.F. (1976) Arch. Biochem. Biophys. 176, 235-243. 

19 Weisman, Y., Reiter, G. and Root, A. (1977) J. Pediatr. 91, 
904-907. 

20 SiSmjen, D., Weisman, Y., Binderman, I. and Kaye, A.M. 
(1984) Biochem. J. 219, 1037-1041. 

21 S~Smjen, D., Kaye, A.M. and Binderman, I. (1984) FEBS 
Lett. 167, 281-284. 

22 Dobbing, J., Hopewell, J.W. and Lunch, A. (1971)Exp. 
Neural. 32, 439-447. 

23 Fisch, I. and Winick, M. (1969) Pediatr. Res. 3, 407-412. 
24 Chanez, C., Privat, A., Flexor, M.A. and Drian, J.J. (1985) 

Dev. Brain Res. 21, 283-292. 
25 Weisman, Y., Golander, A., Binderman, I., Spirer, Z., Kaye, 

A.M. and S~mjen, D. (1986) J. Clin. Endocrinol. Metab. 63, 
1052-1056. 

26 S~Smjen, D., Kaye, A.M. and Binderman, I. (1985) Biochem. 
J. 225, 591-596. 

27 Kaye, A.M., Reiss, N.A., Weisman, Y., Binderman, I. and 
SOmjen, D. (1986) in Myocardial and Skeletal Muscle Bio- 
energetics (Brautbar, N., ed.), pp. 83-101. Plenum Press, 
New York. 

28 Kaye, A.M., Reiss, N., Shaer, A., Sluyser, M., lacobelli, S., 
Amroch, D. and Softer, Y. (1981) J. Steroid Biochem. 15, 
69-75. 

29 Golander, A., Binderman, I., Kaye, A.M., Nimrod, A. and 
S~Smjen, D. (1986) Endocrinology 118, 1966-1970. 

30 Weisman, Y., Harell, A., Edelstein, S., David, M., Spirer, Z. 
and Golander, A. (1979) Nature 281,317-319. 

31 Costa, E.M., Hirst, M.A. and Feldman, D. (1985) Endo- 
crinology 117, 2203-2210. 



16 

32 Roth, J., Baetens, J.D., Norman, A.W. and Garcla-Segura, 
L.M. (1981) Brain Res. 222, 452-457. 

33 Taylor, A.N. (1977) J. Nutr. 107, 480-486. 
34 Sonnenberg, J., Luine, V.H., Krey, L. and Christakos, S. 

(1985) in Vitamin D, A Chemical, Biochemical and Clinical 
Update (Norman, A.W., Schaefer, K., Grigoleit, H.-G. and 
Herroth, D.V., eds.), pp. 117-118, Walter de Gruyter, 
Berlin. 

35 Pardridge, W.M., Sakiyama, R. and Coty, W.A. (1985) J. 
Neurochem. 44, 1138-1141. 

36 Pardridge, W.M. and Mietus, L.J. (1979) J. Clin. Invest. 64, 
145-154. 

37 Walker, M.D. and Kaye, A.M. (1981) J. Biol. Chem. 256, 
23-26. 

38 S~Smjen, D., Weisman, Y., Harell, S., Earon, Y., Harell, A., 
Berger, I., Shimshoni, Z., Waisman, A., Binderman, I. and 
Kaye, A.M. (1988) Proceedings of the 7th International 
Workshop on Vitamin D, Rancho Mirage, in press. 


