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Abstract

The prevention of neonatal rickets by oral supplementation
with vitamin D, (ergocalciferol) has tended to obscure our ig-
norance of the natural mechanism by which young mammals
receive an adequate supply of vitamin D. To investigate the
possibility of specific intrauterine transfer and storage of vita-
min D in fetal tissues, vitamin D-deficient female rats were
given depot injections of *H- or *“C-labeled vitamin D; (chole-
calciferol) before mating and the *H-labeled animals were
killed at stages during the last third of gestation. Analysis of
lipid extracts from whole fetuses revealed a linear increase in
the concentration of 25-hydroxyvitamin D, 24,25-dihydroxy-
vitamin D3, and D; itself between days 14 and 19 of gestation.
During this period the elimination half-time of H-labeled mol-
ecules in maternal plasma fell from 27.1 to 4.4 d, suggesting
that a specific mechanism was transferring vitamin D mole-
cules into the fetuses. The vitamin was stored predominantly
as 25-hydroxyvitamin D3 and 24,25-dihydroxyvitamin D;,
with the highest concentrations in fetal muscle. Immediately
after birth, pups from 3H- and “C-labeled mothers were ex-
changed and later killed after 1-3 wk of suckling. Analysis of
total lipid extracts for *H and “C content determined the rela-
tive contributions of vitamin D supplied before birth via the
placenta and after birth in the maternal milk. The vitamin D
content of the rat milk was relatively high, between 1.0 and 3.5
ug/liter. Nevertheless, the supply of vitamin D in utero, rather
than from milk, was the main determinant of vitamin D status
in early neonatal life. This is the first indication in a mammal
of a specific transfer mechanism that allows the fetus to accu-
mulate vitamin D from the mother during the last third of
gestation.

Introduction

The natural source of vitamin D for young mammals in the
early postnatal period is not readily apparent (1). The vitamin
D content of mammalian milk is low (< 1 ug/liter) (2-4) and
in many species the cutaneous synthesis of vitamin D is lim-
ited because the newly born are reared away from direct sun-
light. Thus the input of vitamin D soon after birth, either from
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ultraviolet irradiation of skin or from the diet, is restricted. Yet
the requirement of vitamin D for the human baby, for exam-
ple, is said to be as high as 10 ug/d (5, 6). It would appear that
this amount cannot be obtained without artificial supplemen-
tation.

The plasma concentration of 25-hydroxyvitamin D
(25(0OH)D)! in mammalian offspring at birth is closely related
to the mother’s (7-9). When maternal vitamin D status is low,
neonatal rickets (10) and hypocalcemia (11) can occur. The
incidence of these signs of vitamin D deficiency shows a sea-
sonal pattern which parallels the seasonal variation in mater-
nal vitamin D status (11-13). Vitamin D and 25(OH)D cross
the mammalian placenta readily during gestation (14), and
because the 25-hydroxylase in the fetal liver may have low
activity (15), fetal requirements are met directly from the ma-
ternal circulation.

In birds a special mechanism exists that enables maternal
cholecalciferol to be specifically transferred and accumulated
in egg yolk (16). This is then used during embryonic growth
and for several days after the chick hatches. It is therefore
possible that a similar mechanism exists in mammals whereby
vitamin D could quantitatively accumulate in the fetus to
meet postnatal needs. If this were so the prenatal supply of
vitamin D would be the important determinant of neonatal
vitamin D status in mammals rather than the postnatal supply
from milk or solar irradiation of skin. The possibility of a
special mechanism for quantitative transfer of maternal vita-
min D to the fetus has been investigated in rats. In these ex-
periments two different radiolabeled forms of vitamin D have
been used to compare the quantity of vitamin D supplied to
the rat fetus in utero with that which is subsequently delivered
in the maternal milk during suckling.

Methods

Animal protocols. Female Norwegian hooded rats were housed in the
absence of ultraviolet light and fed from weaning on a semisynthetic
vitamin D-deficient diet (17). The female offspring of these animals
were raised under the same conditions and used for breeding when
they weighed ~ 215 g. The plasma of these second-generation, vita-
min D-deficient rats contained no detectable 25(OH)D on HPLC (18)
and the concentration of 1,25-dihydroxyvitamin D measured by RIA
(18) was only 30-40 pg/ml (normal range 78+6 pg/ml).

12 of these vitamin D-deficient rats were injected with either %C-
or *H-labeled vitamin D so that the deficiency was corrected and the
absolute amount of vitamin D and its metabolites found in the plasma
and tissues could be readily calculated from the concentration of radio-
activity. The '“C-labeled vitamin D (*4C-Ds) ([4-'“C]cholecalciferol,
55.0 mCi/mmol, Amersham Corp., Arlington Heights, IL) was diluted
with unlabeled cholecalciferol to a specific activity of 26 xCi/mmol
(150 dpm/ng). The *H-labeled vitamin D (*H-D;) ([1a,2a(n)-*H]cho-
lecalciferol, 25 Ci/mmol, Amersham Corp.) was diluted with unla-

1. Abbreviations used in this paper: '*C-D;, "*C-labeled vitamin D;
3H-D,, *H-labeled vitamin D; 24,25(0OH),D, 24,25-dihydroxyvitamin
D; 25(OH)D, 25-hydroxyvitamin D.



beled cholecalciferol to a specific activity of 93.6 uCi/mmol (540
dpm/ng).

Three rats were each repleted with 20 ug '“C-D; given as two
subcutaneous injections of 5 ug '*C-Ds in 100 ul propylene glycol 48 h
apart with an intramuscular depot injection of 10 pg **C-D; in 100 ul
arachis oil into the right hind limb at the time of the second dose. Nine
rats were each repleted with 20 ug *H-D; in the same manner.

1 d after the last injection the animals were bled by direct cardiac
puncture (200-u1 samples into heparinized tubes) under methoxy-
fluorane anesthesia (PENTHRANE; Abbott Laboratories, Irving, TX)
and vitamin D status was assessed by measuring the radioactivity in 50
ul plasma in a “Tri-Carb” liquid scintillation spectrometer (model
2650; Packard Instrument Co., Inc., Downers Grove, IL) using Triton
X-100/toluene scintillator solution.

2 d after the last injection the '*C-dosed rats and seven of the
3H-dosed rats were paired for mating with normal male rats previously
fed a standard rodent laboratory diet. Mating was dated from the
appearance of vaginal plugs in trays under the animals’ wire cages.
Two of the *H-dosed rats remained unmated as controls and were bled
at five intervals over the following 2 mo to establish the long-term
elimination half-time of *H-D; metabolites in the plasma.

One 3H-dosed rat was killed on each of days 14, 17, 19, and 21 of
gestation. Each rat was anesthetized with diethyl ether and exsangui-
nated by cardiac puncture. Vitamin D status was assessed by measur-
ing the radioactivity in 50 ul plasma and the remaining plasma was
stored at —20°C for subsequent chromatographic analysis of *H-D;
metabolites. Individual fetuses were dissected from the uterus,
weighed, and stored at —20°C. The maternal right hind leg containing
the residual intramuscular depot injection of *H-D; in arachis oil was
also stored for later analysis.

The remaining three *H-dosed rats and the three '“C-dosed rats
each gave birth to between 11 and 15 pups on day 22 of gestation. The
litters were culled to eight pups each within 2 to 4 h after birth and
those from the *H-labeled mothers were exchanged with those from the
14C.labeled mothers before significant suckling had taken place. This
exchange enabled the relative quantity of vitamin D and its metabo-
lites obtained in utero to be compared with that obtained postnatally
from milk, by the simple analysis of *H and '“C in the tissues of pups at
intervals after birth. The pups were killed with an excess of diethyl
ether anesthetic and were dissected and their organs were weighed and
stored at —20°C for analysis.

One >H-labeled mother, a corresponding '“C-labeled mother, and
all their fostered pups were killed at weekly intervals after birth and the
tissues were stored for analysis. Milk was collected at weekly intervals
by suction from the mammary glands after oxytocin stimulation as
described for mice (19).

Laboratory methods. Plasma and milk samples were diluted with
an equal volume of 0.9% NaCl in H,O and lipid was extracted with 2
vol of isopropanol/toluene (25:75, vol/vol) (20). Individual fetuses and
the organs of newborn pups were macerated using fine scissors in
widemouthed tubes and the blades of the scissors were wiped with
small pieces of absorbant tissue which were added to the mixture to
avoid any loss. Whole rat pups and maternal hind limbs were individu-
ally macerated in a manually operated domestic meat mincer and the
tissues were transferred to separating funnels. The mincer was also
cleaned with absorbant tissue which was added to the minced prepara-
tion. Total lipid was extracted from all these samples with chloro-
form/methanol (1:2, vol/vol) (21).

Because of the large number of samples to be analyzed, a simple
chromatographic analysis of radiolabeled vitamin D metabolites was
done using Sep-Paks (Silica Products Co., Inc., Guinon, AR) (20). A
proportion of each lipid extract was evaporated under a stream of
nitrogen at 30°C, redissolved in 2 ml 0.1% isopropanol in hexane, and
applied to a Sep-Pak (Silica Products Co., Inc.) cartridge washed 2h
previously with 5 ml hexane. Neutral lipids, vitamin D, 25(OH)Ds,
24,25-dihydroxyvitamin D; (24,25(0OH),D3), and more polar vitamin
D metabolites, which included 1,25-dihydroxyvitamin D; were eluted
successively with specific solvent mixtures (20). The eluted solvents

were collected into plastic vials, evaporated overnight under a stream
of air, and the radioactivity was measured by liquid scintillation spec-
trometry. The percentage distribution of vitamin D metabolites in the
lipid extract was calculated from the distribution of radioactivity in the
eluted fractions. A similar procedure for quantifying vitamin D metab-
olites has been described by Reinhardt et al. (22).

The repeatability and accuracy of this method was established
using lipid extracts containing added standard radiolabeled vitamin D
metabolites. Under these conditions 98.8% of vitamin D; present
eluted with the second solvent (1% isopropanol in hexane), 91.7% of
25(OH)D; present eluted with the third solvent (3% isopropanol in
hexane), and 60.2% of 24,25(OH),D; present eluted with the fourth
solvent (3.125% ethanol in dichloromethane).

A proportion of the lipid extracts from fetuses and pups of the same
litter were pooled and chromatographed on Sephadex LH20 (60 X 1
cm) with chloroform/hexane (65:35, vol/vol) and there was found to
be no significant difference between the mean distribution of radiola-
beled vitamin Ds, 25(OH)Ds, and 24,25(OH),D; established by this
technique, and that obtained by the Sep-Pak method. The identity of
specific metabolites eluting from either the Silica Sep-Paks or Sepha-
dex LH20 was further confirmed by HPLC (18), and in the case of
24,25(OH),D;, by periodate cleavage (23).

Results

The pattern of fetal growth between days 14 and 22 of gesta-
tion was found to closely parallel the established standard
growth curve (24), which confirmed that fetal gestational age
had been accurately dated. The total content of vitamin D
molecules in individual fetuses increased rapidly during the
last third of gestation, going from 0.36+0.02 pmol/fetus
(mean+SEM) at day 14 to 62.2+3.3 pmol/pup at birth (Fig. 1).

The major metabolite in the fetuses at all times was
25(0H)D;, with lesser quantities of 24,25(OH),Ds and a small
amount of unchanged vitamin D; itself (Fig. 2 and Table I).
There was a linear increase in the total fetal concentrations of
all three metabolites from days 14 to 19 of gestation (Fig. 2).
During this same period the elimination half-time of 3H in the
maternal plasma was reduced to 4.4 d, compared with 27.1 d
in the plasma of unmated control animals (Fig. 3), suggesting
that a specific mechanism was quantitatively transferring vita-
min D molecules from the maternal plasma into the fetal tis-
sues. Analysis of the hind legs of mothers killed on days 14-22
of gestation revealed that between 36.7 and 40.1% of the origi-
nal intramuscular depot injection of radiolabeled D; re-
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mained. Maternal vitamin D status was very low by the end of
gestation and remained so over the following 3 wk (Fig. 3).

The distribution of the major vitamin D metabolites in the
pup tissues at birth was similar to the maternal plasma except
for a lower proportion of unchanged vitamin D itself (Table I).
The highest tissue concentration of vitamin D and its metabo-
lites was found in the skeletal muscle of the pup hind limbs
and somewhat lower concentrations were found in the skin,
stomach, carcass, intestines, and liver (Table I).

The vitamin D content of the maternal milk was relatively
high initially (~ 3 ug/liter), perhaps reflecting its high lipid
content (19.2+1.6%, mean+SEM), but fell progressively dur-
ing the first 3 wk of lactation (Fig. 4). The vitamin was present
mainly as unchanged D during the first week of lactation but
this also declined rapidly so that after 10 d the predominant
metabolite was 25(OH)D; (Table II). We suspect that the pres-
ence of milk explained the higher proportion of Dj in the
stomach and intestines of the newborn pups (Table I).

The total vitamin D content of the pup tissues gradually
declined during the first three weeks after birth (Table III) and
plasma levels of 25(OH)D; eventually fell below 3 ng/ml (Fig.
5). Comparison of the ratio of *H- to '“C-labeled vitamin D
metabolites showed that the vitamin received in utero was
gradually being replaced by that from the maternal milk (Fig.
6). Nevertheless vitamin D molecules obtained in utero, rather
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Figure 3. Mean plasma concentrations of total vitamin D-derived
molecules in two unmated female control rats (e), compared with
values in individual pregnant rats (o) killed on days 14, 17, 19, and
21 of gestation, and 1, 2, and 3 wk after giving birth. The elimina-
tion half-time (¢,/;) for the control curve was 27.1 d, while for the
pregnant rats between days 14 and 21 of gestation ¢,,, was 4.4 d.

than from milk, were the main determinants of vitamin D
status during early neonatal life.

Discussion

The classical form of vitamin D—deficiency rickets is described
as a disease of children from 6 to 24 mo of age (25). Although
rickets can occur in utero (26) and in the neonatal period (10)
if maternal vitamin D status is particularly low, the relatively
rare occurrence of vitamin D deficiency in the first few months
after birth has not been explained (25). One possible reason for
this apparent protection against rickets in the early neonatal
period could be that a store of vitamin D is laid down in fetal
tissues in utero. Such a mechanism for maintaining neonatal
vitamin D status is revealed by this study in the rat. Vitamin D
and 25(OH)D can cross the placenta to meet the vitamin D
requirements for fetal growth (14). However the results in

Table 1. Vitamin D Metabolites in Pup Tissues and Maternal Plasma at Birth

% Distribution of vitamin D metabolites (mean+SEM, n = 10)

Total concentration of

Pup tissue vitamin D-derived molecules Ds

25(0OH)D, 24,25(0H),D; More polar metabolites
pmollg
(Muscle: 16.5+3.2)
Hind limbs 14.7+£0.7 5.4+1.1 67.4+2.7 18.2+2.2 9.1+1.1
(Skin: 14.3+2.3)
Stomach 13.1+2.7 50.1£3.5 20.6+2.1 15.0x1.5 14.4+2.5
Carcass 12.4+0.7 4.8+04 71.4+3.1 17.8+3.4 6.1+0.6
Intestine 11.3£1.6 14.0+0.3 41.4+0.9 24.2+0.5 20.5+0.7
Liver 7.5+0.9 7.9+1.3 30.2+2.7 22.7+3.6 39.3+6.4
Plasma (pmol/liter) 48.7+2.5 —_ _— — —
Maternal plasma* 8.7 18.8 54.1 20.4 3.1

* Means of two samples.

1770 M. R. Clements and D. R.

Fraser



£
ES 5+ -25
S
s 3
“— n 4= =20
o
c 3=
S § E 3 15 ©
== a
S e% 5
€ v =10
& o 2 EN
%< .
™ . T =3
oo !
_ o
© |
b0 = =0
[ 1 T T 1

0 5 10 15 20

Days of lactation

Figure 4. Change in total concentration of vitamin D—-derived mole-
cules (o) and lipid content (0) of rat milk during the first 3 wk of lac-
tation. Values are means of two samples.

these experiments show that the vitamin D content of whole
rat pups increases markedly during the last third of the gesta-
tion period, particularly between days 17 and 19 (Fig. 1), and
this increase occurs in advance of the period of most rapid
weight gain (days 19-21) so that there is a steady rise in con-
centration (Fig. 2). Furthermore, the increase in the total fetal
content of vitamin D-derived molecules between days 14 and
21 was sufficient to quantitatively account for the striking fall
in the vitamin D concentration in maternal plasma over the
same period (Fig. 3). This suggests a specific enhancement of
placental transport of vitamin D during the last third of the
gestation period.

It is notable that the fetal concentrations of all three major
forms of vitamin D (D, 25(OH)D and 24,25(OH),D) increased
in the same proportion (Fig. 2), which suggests that the mecha-
nism of enhanced placental transfer is not specific for any one
molecular species. While it is conceivable that only the trans-
port of D itself was enhanced and that the rise in 25(OH)D and
24,25(0H),D levels was due to subsequent fetal metabolism,
this is unlikely because 25(OH)D is known to cross the pla-
centa (14) and the hepatic 25-hydroxylase in the fetus has
relatively low activity (15). In contrast, in birds, vitamin D
itself (cholecalciferol) is specifically accumulated in the egg, by
a mechanism involving a cholecalciferol-specific binding pro-
tein (DBP) in the plasma of hens (16). Therefore a similar
DBP-mediated transfer may be implicated in the enhanced
transport of vitamin D and its metabolites into the rat fetus
during the last third of the gestation period.

The vitamin was predominantly stored as 25(OH)D and its
highest concentration was found in fetal muscle while the low-
est was in the liver (Table I). There is very little subcutaneous

Table II. Vitamin D Metabolites in Rat Milk during the First 3
Wk of Lactation

% Distribution of vitamin D metabolites*

Days of
lactation Dy 25(0OH)D;, 24,25(0H),Ds More polar metabolites
1 75.5 14.6 5.4 4.8
7 54.9 29.7 12.4 29
14 329 449 8.6 13.7
20 36.3 45.5 8.7 9.5

* Mean values on milk from two rats.

fat in the rat fetus, and muscle tissue forms the greatest pro-
portion of total fetal mass. The capacity for accumulation and
storage of significant quantities of vitamin D molecules in the
fetus by this mechanism is therefore large. The liver is not a
major storage site for vitamin D (1) and the higher proportion
of D compared with 25(OH)D in the stomach and intestines of
the newborn pup suggests that this reflects maternal milk in
the gastrointestinal contents rather than specific accumulation
(Tables I and II). The cellular mechanism of storage is not
known but the rapid disappearance of all forms of vitamin D
from tissues during the first 3 wk after birth (Fig. 6) suggests
that this is readily available to meet early neonatal require-
ments.

The total vitamin D concentration in rat milk (Fig. 4) dur-
ing the first 3 wk of lactation (1.0-3.5 ug/liter) was similar to
that reported in human and bovine milk, which varies between
0.1 and 1.0 pg/liter depending on the extent of maternal vita-
min D supplementation (3). The rather higher total quantities
of vitamin D that we found in rat milk during the first 14 d of
lactation may reflect the higher proportion of fat in the latter
(19-20%) (27) compared with human and bovine milk (4-5%),
although the same change in vitamin D content with time is
also seen in cow’s milk (28). In the very early stages of lactation
the vitamin was mainly present in the rat milk (or colostrum)
as D itself, but within 14 d the D content had declined (Table
II) so that the predominant metabolite was 25(OH)D. The
vitamin D content of milk can be significantly increased by
maternal supplementation (3), but the pattern of vitamin D
metabolites in milk suggests that these enter by simple diffu-
sion from plasma.

From the relative proportions of *H and '“C in the rat pups
(Fig. 6) it is clear that the major source of vitamin D molecules
during the first 10 d after birth is that which is supplied and
stored while in utero rather than that obtained from milk. This
is apparent despite the fact that the rat pups were culled to

Table III. Total Vitamin D Metabolites in Whole Rat Pups during the First 3 Wk after Birth

% Distribution of vitamin D metabolites (mean+SEM)

Total content of vitamin

Age D-derived molecules D; 25(OH)D; 24,25(0H).Ds More polar metabolites
wk pmol/pup
Birth (n = 26) 62.2+3.3 3.0+0.2 58.3+1.2 29.0+1.2 10.4+0.6
1(n=14) 50.1+£2.7 5.8+0.2 50.7+1.1 29.4+0.9 14.2+0.6
2(n=13) 44.8+3.5 5.9+0.4 45.0+1.7 23.7+1.2 25.4+2.3
3(n=28) 38.5+2.0 7.31£0.6 57.2+4.1 17.7+1.1 17.8+1.9
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eight per litter at birth and therefore the milk contribution to
the vitamin D status of the remaining pups was exaggerated.
Furthermore since we repleted the vitamin D-deficient rat
mothers with parenteral vitamin D only once before mating,
the maternal vitamin D status was rather low by the time of
birth and remained so during the following weeks (Fig. 3). If a
more effective dosing schedule had been used and maternal
vitamin D status had been higher, it seems likely that fetal
storage of vitamin D could have been increased and might
have maintained the neonatal vitamin D status for a longer
time. Optimal maternal vitamin D supply had clearly not been
achieved in this experiment since the concentration of
25(0OH)D in the pup plasma fell below 3 ng/ml within 3 wk of
birth (Fig. 5), despite the fact that the maternal milk contained
significantly more vitamin D than has been found in other
mammalian species (2-4). The fall in pup plasma concentra-
tions of 25(OH)D during the first few weeks after birth high-
lights both the inadequacy of vitamin D supply in milk and the
possibility of persisting immaturity of the hepatic 25-hydroxy-
lase in the early neonatal period since there is no change in the
rate of utilization of 25(OH)D at this time (29).

In summary, we have shown for the first time in a mammal
that there is a specific enhancement of the placental transport
of vitamin D during the last third of the gestation period in the
rat. The vitamin D metabolites (D;, 25(OH)D;, and
24,25(0OH);Ds) are accurnulated and stored in fetal tissues,
mainly in muscle, where they are readily available for neonatal
requirements. The neonate is therefore dependent on its
mother’s vitamin D status during gestation rather than on
external sources for its vitamin D supply. If such a mechanism

40=

1 ‘\_‘
10

—
oA —

Figure 6. Change in
whole rat pup content
of vitamin D metabo-
lites (mean+SEM, n

= 8-26) during the first

301 r ! ! ! 3 wk after birth. Vita-
min D; (a), 25(OH)D;
20 ‘_/3 (), 24,25(0OH),D; (¢),

and more polar metab-

Vitamin D metabolite content
of whole rat pups (pmol/pup)

—

10— olites (m) received in
2 _257 b utero (solid symbols)
0- A—= are gradually replaced
H 1 2 3 by the metabolites de-
rived from milk (open
Age (weeks) symbols).

1772 M. R. Clements and D. R. Fraser

were operating in other mammals, including man, it would
explain the close association between neonatal rickets and
maternal vitamin D deficiency seen particularly in the Asian
population in the U.K. (10-13). It would also explain the rela-
tive efficacy of maternal supplementation with vitamin D
during the last trimester of pregnancy in preventing rick-
ets (30).
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