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ABSTRACT

1,25-dihydroxyvitamin D^, the active hormonal form of vitamin D,
mediates the biochemical events that result in calcium and phosphorus
adsorption from the intestine. The site of action of 1,25-dihydroxy
vitamin

in its target intestinal tissue was determined by the

analysis of specific binding of radioactive 1,25-dihydroxyvitamin D3 to
subcellular components of the chick intestine.

Vitamin D deficient

chicks were injected intracardially with physiologic levels of high
specific activity tritiated hormone. The animals were killed at a time
just prior to the biological expression of hormone activity and the
sensitive technique of autoradiography was used to locate the presence
and distribution of labeled compounds in cellular components of tissue.
Two novel autoradiographic techniques, scintillation thaw-mount and
scintillation dry-mount autoradiography, were employed to demonstrate
the nucleus as the site of binding of 1,25-dihydroxyvitamin D3 in the
intestine. These two techniques are the most rigorous methods used for
the autoradiography of diffusible and lipid soluble compounds.

The dip-

coating autoradiographic method, although of questionable validity for
diffusible compounds, yielded similar results. This specific binding of
1,25-dihydroxyvitamin D^, represented by exposed silver grains, was
demonstrated both visually and quantitatively in the adsorptive
epithelial cells of the villi and the differentiating crypt cells of the

xvi

xvii

intestine. This effect was saturable and absent in non-target tissue
such as liver and thoracic muscle tissue.
This demonstration of the nucleus as the site of action in the
intestine by the autoradiographic approach implies that the hormonal
form of vitamin D may be acting at the nuclear level analogously to the
proposed mechanism of action of the classic steroid hormones (via acti
vation of genes and biosynthesis of messenger ribonucleic acids which
code for proteins capable of changing cellular activity). These data
invalidate the possibility that the observed nuclear localization of
1,25-dihydroxyvitamin

is an artifact of biochemical manipulation.

CHAPTER 1

INTRODUCTION

The disease rickets or osteomalacia, as it is known in children
or adults, has been recognized for centuries.
by inadequate bone mineralization.

Rickets is characterized

The experiments of Mellanby, in

1919 [1], demonstrated the lack of a food factor present in animal fats,
especially in cod-liver oil, caused rickets. In 1922, McCollum et al.
[2] discovered a fat soluble vitamin in cod-liver oil cured rickets in
dogs and named it vitamin D. Huldschinsky, in 1919 [3], showed that
rickets could be cured, without a diet change, by irradiation with
ultraviolet light. A number of workers found that this antirachitic
factor can be induced in animals and in foods [4,5]. Eventually, the
D-vitamins were isolated and characterized in the laboratories of
Windhaus and colleagues [6,7].
Figure 1 depicts the formation of vitamin D from its previtainin D
which is produced from its respective provitamin. The natural form of
vitamin D was determined by X-ray crystallographic analysis [8].
Vitamin D can be obtained through the natural dietary constit
uents or through the conversion of 7-dehydrocholesterol in the subcuta
neous tissue to vitamin D^—^ under the influence of ultraviolet

1/ The chemical name of vitamin D3 is 9,10-seco-5,7,10(19)cholestatrien-3P-ol [9].

1

PROVITAMIN D

PREVITAMIN D

7- dehydrocholesterol
heat

VITAMIN D

HO*

VITAMIN D
(natural form)

Figure 1.

Formation of vitamin D.

3

radiation from sunlight.

Although the minimum daily requirement for the

2/
vitamin is not well defined, it is estimated to be 100 to 400 I.U.— in

adult humans.

Chicks require about 10 I.U. daily to prevent the

symptoms of rickets [11]. However, provided that an animal is exposed
to sufficient sunlight, it requires no dietary vitamin D; thus, the
classification of the sterol as a vitamin is somewhat tenuous.
Presently, it is known that vitamin D is required to maintain an
adequate serum calcium and phosphorus that permit normal mineralization
of newly synthesized bone matrix, thus preventing rickets. Vitamin D
facilitates calcium and phosphorus absorption [12] in the intestine.
Calcium is moved against an electrochemical gradient, thus requiring
metabolic energy.

A portion of the phosphate transport, stimulated by

vitamin D, is also active [13]. The transport of calcium and phosphate
seems to occur by two distinct mechanisms [14]. Vitamin D also promotes
calcium and phosphorus mobilization from the bone [IS]. There are three
hormones, parathyroid hormone, calcitonin, and vitamin D, involved in
calcium metabolism.

Vitamin D and parathyroid hormone act synergisti-

cally in resorbing calcium from bone [16,17] and kidney [18,19].
Calcitonin from the MC" cells of the thyroids acts reciprocally to
vitamin D and parathyroid hormone and inhibits calcium mobilization from
bone.

It is also apparent that vitamin D may have a direct effect on

bone formation [20]. Thus, the intestine and bone are major target
tissues for vitamin D.

2/ One international unit (I.U.) of vitamin D, is defined [10]
as 0.025 tig.

4

Before vitamin D functions to transport calcium and phosphate, a
lag time between the administration of the vitamin and the resulting
physiological response was noted in 1944 by Irving [21], It is now
known that the lag time results partly from the metabolic conversion of
the vitamin to an active form and partly from the induction by the acti
vated vitamin of new gene products which elicit the physiological effect
of the vitamin [22].
Between 1964 and 1971, it was established that vitamin D is the
precursor of several biologically active metabolites.

In 1968, Blunt,

Deluca, and Schnoes [23] isolated the predominant vitamin

metabolite

in blood and determined its structure to be 25-hydroxyvitamin D

v
3/
^ S - O H D ^ ) T h i s metabolite is formed primarily in the liver in

mammals [24], and also in the intestine and the kidney in chickens [25],
The initial formation of 25-OHDg from vitamin

is catalyzed by vitamin

D_-25-hydroxylase enzyme (25-OHase), which is present in the liver

a

microsomal fraction [26]. Recent evidence indicates that 25-OHase is
not tightly controlled in vitamin D metabolism.

Initial reports of a

"feedback control" for this enzyme [27] are not supported by later
findings [25]. The status of calcium and phosphorus does not influence
the activity of chick liver 25-OHase [25].

Also, the 25-OHDg level in

vitamin D-intoxicated rats [28] and human beings [29] was elevated

3/ Abbreviations in this dissertation are: 25-dihydroxyvitamin
D3 (25-OHD3); 1,25-dihydroxyvitamin D3 (1,25-(CH)2D3); 24,25dihydroxyvitamin D3 [24,25-(OH)2D3); 25,26-dihydroxyvitamin D3 (25,26(0H)2D3)i 1,24,25-trihydroxyvitamin D3 (1,24,25-(0H)3D3); calcium-binding
protein (CaBP); and messenger ribonucleic acid (mRNA).
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30 times. Thus, 25-OHDg concentration is primarily a function of
vitamin D intake or exposure to sunlight [28,30].
Originally, 25-OHD2 was thought to be the active form of vitamin
Dg [31,32] since it had a greater potency than vitamin

in curing

rickets [33] and directly stimulated calcium translocation [34-36] in
isolated intestine and bone.

However, it is the product of the initial

step in the activation of the vitamin and serves as the precursor to
other active vitamin D metabolites.
Haussler and associates [37,38] detected a vitamin D metabolite
more polar than 25-OHDg in chick intestinal chromatin and proposed that
this new metabolite was the active form of vitamin D based on its
binding and biological activity.

These findings were confirmed by

Lawson, Wilson, and Kodicek [39,40]. This new vitamin D metabolite
differed from its precursor by having a hydroxy1 group at the 1-alpha
position and by being produced exclusively in the kidney [41]. The
metabolite was isolated later from incubations of 25-OHD^ with renal
homogenates [42-44] and independently purified from the chick gut [45]
and identified as 1,25-dihydroxyvitamin D3 (l^S-fOH^Dg). Strong evi
dence indicates that l^S-COH^D^ is the active form of vitamin D.
Thus, it is apparent that vitamin D requires two enzymatic hydroxylations prior to functioning in the stimulation of calcium transport.
25-hydroxylation occurs in the liver, kidney, and intestine [24,25], and
the 25-OHD^ intermediate is converted to 1,25(OH)2^3 exclusively in the
kidney by the renal mitochondrial enzyme 25-hydroxyvitamin D^-lcxhydroxylase (la-OHase). This reaction is feedback regulated by calcium

[46,47] via the parathyroid glands [48-50], by phosphate [48,51,52], by
vitamin D status [25,41,53], and by calcitonin [54,55]. Thus, 1,25(OH^Dg can be classified as a sterol hormone that regulates calcium and
phosphate transport in intestinal and bone target tissue.
This new metabolite fits certain criteria for being the func
tional metabolite of vitamin D. Normal mineral metabolism is maintained
and rickets prevented in animals raised on a rachitogenic diet supple
mented with vitamin D [56]. 1,25-(0H)2D3 is more effective and acts
faster than its precursors, vitamin

and 25-OHDg, in its biological

activity and in calcium absorption [57] and its activity on in vitro
bone calcium resorption [58]. 1,25-(0H)2D3 is the most potent form of
the vitamin in the stimulation of calcium mobilization in vivo [57,59-63]
and is the most efficacious vitamin D metabolite in^ vitro in isolated
perfused intestines [36], intestinal organ culture [64], and embryonic
bone culture [58].

Thus, l,25-(OH)2D3 is considered the functional form

of vitamin D in promoting normal mineral metabolism in animals.
Figure 2 illustrates the metabolism of vitamin D.

The native

form vitamin D^, obtained from the diet or precursors in the skin, is
converted to 25-OHD^ via the liver enzyme 25-0Hase.

25-OHDj can be con

verted to l,25-(OH)2D3 or two other dihydroxylated metabolites.

They are

25,26-dihydroxyvitamin D3 (25,26-(0H)2D3) and 24,25-dihydroxyvitamin
(24,25-(0H)2D3). The 25,26-[OH)metabolite, from pig plasma [65], is
inactive biologically and is not found in the main vitamin D target
tissue after administration of labeled vitamin D [60].

24,25-(0H)2D3 is

produced from 25-0HD3 by the enzyme 25-hydroxyvitamin D3-24-hydroxylase
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Figure 2. The metabolism of vitamin D.
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(24-OHase). This metabolite has limited biological activity [66],
especially in the chick [67,68]. The purpose of the 24-hydroxylation is
unclear, but these metabolites may be degradative or functional com
pounds.

Another vitamin D metabolite, 1,24,25-trihydroxyvitamin

Cl,24,25-(0H)^D2) arises from la-hydroxylation of 24,25-(0H)2D3 in vitro
[69] or 24-hydroxylation of l^S-fOH^D^ in vivo [70]. The biopotency
of 1,24,25-C0H)2D3 is less than 1,25-(0H)2D3 [71]. Presently, the func
tion of this tri-hydroxylated metabolite of vitamin D is unknown. It
may be an intermediate in the degradation of 1,25-(0H)2D3.
Insight into the molecular mechanism of action of 1,25-(0H)2D3
in its target tissue enhances the understanding of mineral homeostasis
in animals.

For example, the effect of l,25-(OH)2D3 on calcium absorp

tion in the intestine appears similar to other steroid hormones in that
there is a latent period between administration of sterol and the first
detectable physiological response [57].

One explanation for the

mechanism of action of 1,25-(0H)2D3 in the intestine is that this sterol
facilitates the expression of genetic information and that the specific
protein products of this induction process, such as calcium binding pro
tein (CaBP), function in the transport of calcium [72]. In addition to
CaBP, vitamin D dependent alkaline phosphatase [73] and calcium stimu
lated ATPase [74] have been proposed as important in the uptake of cal
cium by intestinal mucosa cells.

The mechanism by which these proteins

might enhance calcium transport is at present unknown.
The process whereby 1,25-(0H)2D3 induced proteins which alter
cellular function is similar to the mechanism of action of other steroid
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hormones [75]. The salient features of this mechanism are binding of
the steroid to a high-affinity receptor in the cytoplasm, migration of
the hormone-receptor complex into the nucleus where association with the
genome occurs, activation of selected genes, and the biosynthesis of new
messenger RNA's (mRNA) which code for proteins capable of changing
cellular activity [75] (Figure 3).

Intracellular receptor proteins have

been identified for estrogen [76,77], progesterone [78], androgens [79],
aldosterone [80], and Cortisol [81], Recently, experimental evidence
has provided strong support for the presence of similar steroid receptors
in intestinal mucosa cytosol.

An intestinal cytosol receptor for

l^S-COH^Dg has been demonstrated by Brumbaugh and Haussler [82-84].
This receptor apparently translocates the hormone to the nucleus. The
cytosol receptor-hormone complex migrates more rapidly, in vitro, to the
nucleus at a temperature of 37°C than at 0°C, indicating a temperature
activation of cytosol receptor complex before entering the nucleus.
Evidence to be presented in this dissertation will show that the nucleus
is the site of action of 1,25-(OH)2^ as demonstrated by autoradiography.
The cytosol binding component from the chick intestine has the following
properties:

1) it sediments at 3.7S in high salt sucrose-density

gradients, 2) it has an apparent molecular weight of 47,000 via agarose
gel filtration, 3) it is a protein based upon enzymatic degradation and
thermal lability, 4) it is specific for the l,25-(0H)2Dg sterol, 5) it
binds l^S-COH^D^ with high affinity (Kd = 2.2 x 10~® M), and 6) it is
not present in non-target tissue.

Thus, the active vitamin D metabolite

1,25

NUCLEUS
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Figure 3.

Model for early events in the interaction of l^S-fOH^Dj with the intestinal cell.
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appears to bind to its specific cytoplasmic receptor and then migrate to
the nucleus.
Subcellular fractionation of chick intestinal mucosa cells,
after hormonal administration, reveals the hormone is bound in the
nucleus [82,85]. The binding to the nucleus, in addition to being a
rapid event, correlates quantitatively with the amount of 1,25-[OH)2^stimulated calcium absorption.
influences transcription.

Once in the nucleus, 1,25-(0H)2D3

Both RNA and protein synthesis inhibitors

block the action of 1,25-(0H)

in the chick [86], Tsai and Norman

have demonstrated that 1,25-(0H)2D3 enhances in vivo intestinal nuclear
RNA biosynthesis [87]. Zerwekh, Haussler, and Lindell [88] found that
the activity of DNA-dependent RNA polymerase II, the nucleoplasmic enzyme
which catalyses the synthesis of mRNA, is enhanced after treatment of
rachitic chicks with 1,25-(0H)2D3.

It was also shown that 1,25-(0H)2D3

rapidly increased intestinal chromatin template capacity for RNA biosyn
thesis [89]. These events occur early after l,25-COH)2D3 administration
and prior to calcium absorption. Zerwekh et al. [89] have demonstrated
in an iji vitro system that the crude hormone-receptor cytosol complex
added to unstimulated chick intestinal nuclei increases RNA synthesis.
The in vitro reconstituted system is selective and specific for 1,25These data are therefore consistent with the concept that the
hormone-receptor complex influences transcription.
The 1,25-COH)^-induced CaBP, which represents two percent of
the total protein in normal chick intestine, was described by Wasserman
et al. [90] and later isolated and sequenced by Huang et al. [91].

Although CaBP fluctuates in concert with physiologic alterations in cal
cium transport, the temporal sequences of CaBP and calcium transport are
not completely synchronized.

After a dose of 1,25-(OH)2^, CaBP and

calcium absorption correlate in appearance; calcium binding protein
disappears more slowly than calcium absorption [90]. Conflicting evi
dence exists as to whether de_ novo synthesis of RNA and proteins are
required for calcium transport [92,93]. Recent evidence indicates that
other proteins are probably involved in calcium transport.

Wilson and

Lawson [94] have identified two brush-border-membrane proteins by discgel electrophoresis that are synthesized more rapidly than CaBP in
response to 1,25-(OH) D^. It has been proposed by Spencer et al. [95]
that the synthesis of intestinal CaBP in the chick is a consequence of
l^S-^H^D^-stimulated calcium transport rather than the mediator of
the process.

Further studies are needed to elucidate the role of CaBP

in calcium transport.
The present model, incorporating the above evidence, for the
mechanism of action of l^S-fOH^Dj is summarized in Figure 3. The key
features of this mechanism are the binding of the hormone to the cyto
plasmic receptor protein; migration to the nuclear chromatin; postulated
exposure of a unique gene or set of genes transcribed into new mRNA(s),
by RNA polymerase II; translation of the new mRNA(s) into functional
proteins (such as CaBP); and ultimate participation of induced proteins
in the alteration of cell function that is expressed primarily as
enhanced calcium and phosphate translocation.

Modifications in this

model may occur after future investigations in the area of vitamin D,
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but at present this model represents the proposed mechanism of action of
1,25-(OH)2^ in its intestinal target tissue.
Early studies using labeled vitamin D have revealed that after
cellular fractionation there is localization of the active metabolite in
the nucleus of the target cells of chick intestine and bone [38,96].
Subsequently, receptors for 1,25-(OH) D

are demonstrated biochemically

in intestine [83,97] and bone [98] cytosol; however, while sucrose
gradient analysis and other biochemical techniques show the presence of
l,25-(OH)D -cytosol receptor complex in the intestinal chromatin
[82,99-101], an independent approach is needed to determine unequivo
cally that the nucleus is the subcellular site of preferential hormone
retention.

Recent experiments indicate that 1,25-(OH)is the

hormonal form of vitamin D, which regulates calcium transport at target
sites such as intestine and bone. This and other evidence suggest that
1,25-(OH)2^ functions analogously to the classic steroid hormones by
affecting gene expression in target cells.

Although Brumbaugh and

Haussler [83,84,100] provided biochemical evidence that 1,25-(OH)^3^
functions in the nucleus, this conclusion was disputed by DeLuca [102]
in a recent review. No unequivocal evidence is available that proves
conclusively that all of the 1,25-(OH)2^ of the nuclear fraction is
located in the nucleus. The biochemical evidence, which involves sub
cellular fractionation techniques, provides crude nuclei that contains
not only nuclei, but also brush border and plasma membranes and other
cellular debris. Thus, a lack of adequate purified nuclei to
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demonstrate preferential nuclear localization of l^S-fOH^Dg necessi
tates the use of a second line of investigation to settle this
controversy.
Autoradiography has been used successfully to visually demon
strate the presence of steroids in various tissues as well as their sub
cellular distribution [103-106].

Autoradiography is a sensitive tech

nique in which the distribution of substances, both anatomically and
quantitatively, in tissue structures is determined by the use of a
radiolabeled compound and autoradiographic emulsion. The localization
of substances, such as hormones, in tissue is important because it pro
vides, for example, information about the interpretation and comprehen
sion of the mechanism of action as well as the site of action of these
hormones [107,108]. The autoradiographic technique involves the appli
cation of radioactively labeled tissue to sensitive photographic emul
sion.

After a given period of exposure, the film is developed. The

localized radiation effect on the photographic film and the histological
structure can be viewed simultaneously. Under these circumstances, the
distribution of the film blackening will be related to the distribution
of the isotope [107,108].

After identifying the presence of the

isotope, quantitative measurements of the radioactivity can be deter
mined in the morphological structure by visually counting the number of
silver grains produced. Thus, autoradiography contributes to the under
standing of the mechanism of regulation by hormones.
In autoradiography, in addition to obtaining useful localiza
tions, the interpretation of this localization is important. During the
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preparation of the tissue and autoradiographs, the steroid hormone may
be lost or redistributed. These substances are diffusible because they
are not covalently bound to the macromolecules in the tissue components.
This, in turn, necessitates the prevention of translocation of com
pounds and tissue constituents due to postmortem changes and the exclu
sion of fluids, especially solvents, during tissue preparation. During
the autoradiographic preparation, both general and special prerequisites
must be considered and controls are required in order to obtain meaning
ful results. Some general requirements include the use of a:
1) radioisotope, such as tritium, which gives high resolution in
cellular and subcellular biological preparations; 2) radioactive label
within the steroid that does not become lost or exchanged; 3) steroid
with a high specific activity (> lOCi/mmole), so that physiological
doses of the steroid can be used and autoradiographic exposure time can
be reduced; 4) radiochemically pure compound; 5) dose of the hormone
that commensurates with the biological effect; and 6) an unlabeled
antagonist to determine hormonal specificity.

Other special prerequi

sites have been established for the autoradiography of diffusible com
pounds [107,109]. These include:

1] removing all solvents and fluids

from the tissue and the photographic emulsion; 2) using a fixative that
will not translocate labeled molecules or tissue components, but will
immobilize the hormone at its original site of action; and 3) testing a
recommended new technique with a compound known to be localized and/or
diffusible. Therefore, these prerequisites should be considered in
order to render useful autoradiographic results.
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Thaw- and dry-mount autoradiography, developed in the laboratory
of Stumpf [107,110-113], are acceptable autoradiographic techniques and
fulfill one parameter of the special prerequisites for diffusible com
pounds since translocation of the labeled sterol is minimized due to the
removal of all fluids from either the emulsion as in the thaw-mount
method, or both the tissue and the emulsion as in the dry-mount method.
The dip-coating autoradiographic technique is unacceptable for diffusible
compounds because liquids are not removed from the emulsion and the
tissue. This may cause translocation and thus may make results diffi
cult to interpret [114].
Presently, l^S-COHJ^Dj, with a specific activity of 94 Ci/mmole,
can be purchased from The Amersham Corporation, but during this study
the highest specific activity available was 11.2 Ci/mmole.

Other

steroid hormones used in autoradiographic studies had specific activities
5 to 10 times that of the vitamin D metabolite [103,115-119].

Since

standard autoradiography requires long exposure times for compounds with
low specific activity, a new high-speed, liquid scintillation auto
radiography technique [120,121] is used. Scintillation fluid acts by
enhancing the activation of silver grains from photons released as the
3
beta particles emitted from 1,25-(0H)( H)D_ pass through the emulsion,
O
thus reducing the exposure time.
The experiments reported in this dissertation have been designed
to elucidate, by a novel combination of scintillation and dry-mount
autoradiography, scintillation and thaw-mount autoradiography, as well
as dip-coating autoradiographic technique, whether the nucleus is the
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ultimate site of action of 1,25-(OH)2^ within its intestinal target
organ. Direct evidence for the site of action of this hormone in this
study can be obtained by examining the specific binding of 1,25-(OH)2^3
to subcellular components of its target organ.

In these studies, it is

assumed that a target organ for 1,25-(0H)2D3 contains a finite number of
specific receptor sites which selectively retain the hormone.

Only the

association of the hormone-receptor complex with the chromatin in the
nuclei is investigated in this study.
In summary, this dissertation identifies, by the technique of
autoradiography, the ultimate site of action of 1,25-(0H)_D_ in the
O
intestine of rachitic chick.

The results indicate that the nucleus is

the ultimate site of action of the active hormonal form of vitamin D.

CHAPTER 2

MATERIALS AND METHODS

Animals
White Leghorn cockerels were used in all experiments. One-dayold chicks were obtained from Demler Farms, Anaheim, California, and
then raised in a sunless, ultraviolet and fluorescent light-free room on
a vitamin D-deficient diet which is described elsewhere [56]. The cal
cium content of this diet was 0.67%.

At three weeks, these animals were

termed rachitic and utilized for experiments when their growth stabilized
at a weight of about 150 g. However, chicks grown on this same
vitamin D-deficient diet, but supplemented with 100 I.U. of vitamin D^
per week, exhibited normal increased growth during this period and
weighed about 250 g. The rachitic animals had plasma calcium concentra
tions of 5.5 to 6.0 mg per 100 ml plasma, phosphorus concentrations of
5.1 mg per 100 ml, and percent bone ash values of 27 to 29%.

Vitamin D-

supplemented chicks had normal plasma calcium concentrations of 10.4 to
11.0 mg per 100 ml, phosphorus concentrations of 6.3 mg per 100 ml, and
bone ash percentages of 45 to 50% [56,122], Radiographic examination of
the distal femur and proximal tibia of the chicks were evaluated as to
1) extent of echondral bone ossification,
and 3) organization of developing bone.

2)

amount of mineral present,

Rachitic chicks showed consid

erable unossified cartilage, decreased density of mineral, and a lack of
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bone trabeculations at the growing ends of the bones. The vitamin Dsupplemented chicks showed normal bone density and ossification
[56,122]. Histological examination of stained sections of the epi
physeal region of the tibias showed widened and diffuse growth plates in
the bones of the rachitic chicks and a sharply defined and calcified
growth plate in the bones of the vitamin D-supplemented chicks [56].
Twenty-four-day-old, immature female, Sprague Dawley rats were
obtained from the Department of Animal Resources, at the University of
Arizona Health Science Center, Tucson. These animals were used to study
the localization of labeled estradiol in uterine target tissue by auto
radiography according to Stumpf et al. [103,123],

Radiochemicals
%

The sterols, 25-hydroxy-[23,24 H(N)]-vitamin

(11.2 Ci/mmole)

3
and 6,7- H-estradiol-17$ (56 Ci/mmole), were purchased from New England
Nuclear Corp., Boston, Massachusetts. The radiochemical purity of the
labeled estradiol compound was not checked by the investigator.
25-hydroxy-[26(27)-methyl-3H]-vitamin Ds (6.7 Ci/mmole) was purchased
from Amershara Searle Co., Chicago, Illinois. The radiochemical purity
3
of the 25-OH( H)D_ was 95%, determined following purification of Celite
o
liquid-liquid partition chromatographic columns, and its specific
activity was determined by ultraviolet absorbance spectrophotometry
at 265 nm.
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Sterols and Other Chemicals
Crystalline l^S-CQH^D^ was supplied by Dr. M. Uskokovic of
Hoffmann-La Roche, Inc., Nutley, New Jersey. Estradiol-176 was pur
chased from Sigma Chemical Co., St. Louis, Missouri.
Chemicals used in the enzymatic generation of 1,25-(0H)2D3 from
25-OHD^ were obtained from Sigma Chemical Co. and included: L-malic
acid, monosodium salt; D-glucose-6-phosphate, monosodium salt; and
nicotinamide adenine dinucleotide phosphate, monosodium salt (NADP+),
The enzyme glucose-6-phosphate dehydrogenase (Type VII, baker's yeast)
was also from Sigma.
Triton X-100 was obtained from Rohm and Haas Co., Philadelphia,
Pennsylvania.

Liquifluor, a concentrated liquid scintillation solution

consisting of 100 g of 2,5-diphenyloxazole and 1.25 g of p-bis-(5phenyloxazoyl) benzene per liter toluene, and Aquasol, a pre-mixed
liquid scintillation solution, were purchased from New England Nuclear
Corp. Tris-(hydroxymethyl)aminoethane (tris, Sigma 7-9) and ethylenediaminetetraacetic acid CEDTA, tetrasodium salt) were obtained from
Sigma Chemical Co.

All solvents were reagent grade, and those employed

in chromatographic procedures were glass-distilled before use.

All

other chemicals were analytical grade unless otherwise noted.

Injection and Dissection Techniques
The appropriate amount of l^S-COH^D^ was dissolved in 0.2 ml
of 1,2-propanediol (practical grade, Baker Chemical Co., Philadelphia)
3
or 6,7- H estradiol-170 dissolved in 0.2 ml of 10% ethanol-isotonic
saline prior to administration. 1,25-(0H) D was first dried under
o
£»
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nitrogen (dry, 99.9%) and then dissolved in a small volume of diethyl
ether, mixed with 1,2-propanediol, and then nitrogen was bubbled through
the solution at room temperature to remove the ether.

Estradiol was

dried under nitrogen (dry, 99.9%) and then mixed with 10% ethanolisotonic saline. l^S-COH^D^ was administered intracardially and
estradiol was administered subcutaneously.

When steroid were adminis

tered to the chickens, the following protocol was used.

The solution of

steroid (0.2 ml) was drawn into a disposable 0.5 ml syringe equipped
with a 23 gauge needle and the needle was inserted into the chick just
below the breastbone to puncture the heart.

About 0.05 ml of blood was

withdrawn to ensure that proper entry had been made and the contents of
the syringe was then emptied into the heart.

At the appropriate time

interval, the chick was killed by decapitation. The rats were killed by
cervical dislocation.

The tissues of interest were immediately dis

sected and placed either in isotonic sucrose (0.25 M) at 0°C until subfraction or extraction or in a Petri dish containing filter paper pre
viously soaked in isotonic sucrose (0.25 M), in an ice bath until flash
frozen.

Chromatography Materials
Silicic acid (Bio-Sil HA, minus 325 mesh) was obtained from
Bio-Rad Laboratories, Richmond, California. Sephadex LH-20 (lipophilic,
particle size 25-100 y) was purchased from Sigma Chemical Co.

Celite,

which served as a support medium for liquid-liquid partition chroma
tography, was supplied by Johns Manville Co., Lompoc, California.
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Buffers
The buffers used were:
1. Sucrose-TKM = 0.25 M sucrose, 0.05 M Tris-HCl, pH 7.4, 0.025 M
KC1, 5 mM MgClr
2. HDTA-Buffer = 0.008 M EDTA, 25 mM NaCl, pH 8.
3. Triton-Buffer = 1% Triton X-100, 0.01 M Tris-HCl, pH 7.5.
4.

Tris-Buffer « 0.01 M Tris-HCl, pH 7.5.

Autoradiography Materials
Materials used in the autoradiographic study are listed and
obtained from the following manufacturers:

2,5-diphenyloxazole and

1,4-bis-2C4-methyl-5-phenyloxazoyl)-benzene from Amersham Searle,
Arlington Heights, Illinois; Kodak NTB^ Nuclear Tract Emulsion, Kodak
D-19 developer, and Kodak fixer from Eastman Kodak Co., Rochester, New
York; Drierite (annydrous CaSO^) from W. A. Hammond Drierite Co., Xenia,
Ohio; dioxane from Mallinckrodt Chemical Works, St. Louis, Missouri;
Cryosorption Apparatus from Thermovac Industries, Copaigue, New York;
American Optical Cryo-cut Microtome from American Optical Co., Buffalo,
New York; and hematoxylin and eosin from Manufacturing Chemists,
Norwood, Ohio.

Preparation of Subcellular Fractions
All operations involving the preparation of subcellular compo
nents were carried out at 1-3°C.

Immediately following sacrifice of the

animal, the intestine was excised and rinsed in ice-cold, sucrose-TKM
buffer.

Liver and muscle tissue were removed, minced, and then washed
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several times with 0.25 M sucrose-TKM buffer.

A small portion of

duodenal intestine was taken for autoradiographic studies. Prior to
homogenization, intestinal mucosa was scraped free from the serosa on an
inverted Petri dish with a microscope slide. The tissues to be subfractionated were then homogenized in 25 ml of sucrose-TKM buffer using a
Potter-Elvehjem motor-driven homogenizer equipped with a Teflon pestle.
These homogenates were prepared by 6 passes in a 1-3°C room in an ice
bucket with 30 seconds cooling periods between passes.
Homogenates were centrifuged at 1200 x g for 10 minutes in a
Sorvall RC-2B refrigerated centrifuge to isolate the crude nuclei. The
resulting pellet was designated the crude nuclear fraction. Mitochondria
were isolated from the resulting supernatant by centrifugation at
8000 x g for 20 minutes. The supernatant fluid remaining after sedimen
tation of the mitochondria was then centrifuged in a Beckman L3-40
preparative ultracentrifuge at 100,000 x g for one hour to yield a
microsomal pellet and a final supernatant fraction (cytosol).
Chromatin was prepared from crude nuclei by homogenizing suc
cessively one 25-ml portion of EDTA, two portions of Triton, and one
portion of Tris buffers. The material was harvested by sedimentation at
30,000 x g for 10 minutes after each wash.

Exposure of Tissue to Sterols, Ip. Vj£Z2For studies in vitro, the desired tissue was incubated with the
appropriate amount of sterol in ethanol in 0.5 ml of Delbecco's Modified
Media (DMtf) for 30 minutes at 25 or 37°C.

DMM is a minimum modified

Eagle medium dry powder with Eagle's salts, vitamins, amino acids,
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glutamine, glucose, and sodium bicarbonate and can be purchased from
Grand Island Biological Co., Grand Island, New York. These studies were
designed to access the binding of sterol to intact tissue and to perfect
the autoradiographic technique. After decapitating the animal, the
desired tissue was rinsed in 0,25 M sucrose-TKM, cut into 5-mm

3

pieces,

and placed (2 pieces of tissue/test tube) into 13xl00-mm culture test
tubes containing 0.5 ml of Delbecco's Modified Media. Labeled 1,25(OH^Dj was added and the tissue was allowed to incubate in a shaking
water bath for 30 minutes at 25 or 37°C. Tissue was then washed twice
with fresh DMM.

One piece of tissue was prepared for autoradiography

and the other piece of tissue was minced in 10 ml of 2:1 methanol:
chloroform, then dried or solubilized in Soluene (Packard, Soluene TM
100 Solubilizer, Packard Instrument Co., Downers Grove, Illinois), and
the radioactivity was determined as described in the section on Liquid
Scintillation Counting Cpage 28).
Whole small intestine of rachitic chicks were rinsed with 0.25 M
sucrose-TKM, slit endwise to expose the mucosal surface, and placed in
flasks containing 10 ml DM. Increasing amounts of sterol in ethanol
was added.

Incubations were carried out at 25°C for 40 minutes. The

intestines were washed twice in sterol-free DMM and prepared as
described below and analyzed for binding of sterol.

Organic Solvent Extraction of Tissues
and Subcellular Fractions
Extraction of all subcellular fractions to obtain total lipid
extracts was carried out according to a modification of the procedure of
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Bligh and Dyer [124]. This technique was employed in the extraction of
subcellular fractions of l^S-COH^Dg from kidney homogenates following
enzymatic generation from 25-0HD3, and in the extraction of 1,25-(0H)2D3
from intestine to measure 1,25-(OH)uptake. The appropriate amount
(3.2 to 4.0 volumes, depending on the tissue) of methanol-chloroform
(2:1, v/v) was added to create a monophasic solution with the water in
the tissue. The mixture was stirred for 30 minutes or shaken and allowed
to stand for 15 minutes at room temperature.

Residual protein was

removed by filtration or centrifugation. One volume of chloroform and
one-half volume of water were added to the extracts to cause a phase
separation into an aqueous-methanol phase and a chloroform phase, which
contained 85 to 95% of the radioactive sterols. The upper methanol
water phase was washed once with chloroform. The chloroform phase was
either evaporated to dryness in a liquid scintillation vial under a
stream of air in preparation for determination of radioactivity, or
flash evaporated to near dryness in preparation for purification of
sterols.

Following flash evaporation, lipids were solubilized in

diethyl ether, and the solution was clarified by centrifugation at
12,000 x g for 10 minutes. The diethyl ether was evaporated under a
stream of nitrogen and the samples were then applied to the appropriate
column for purification. Five milliliters of liquid scintillation
counting solution A, consisting of 5% Liquifluor in toluene, were added
to those extracts which had been dried in preparation for radioactivity
determination. Samples were counted and tritium was determined by
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internal standardization as described under the section on Liquid
Scintillation Counting (page 28).

Preparation of 1,25-Dihydroxyvitamin D3
3

l^S-COH^C

was produced in vitro by a modification of the

method of Lawson et al. [42], The kidneys of 10 rachitic chicks C12 g)
were excised, rinsed several times in ice-cold 0.3 M sucrose and
homogenized gently with a Potter-Elvehjem Homogenizer equipped with a
Teflon pestle in 100 ml 0.3 M sucrose. The kidney homogenate was poured
into a beaker on ice for several minutes. The homogenate (110 ml) was
mixed in a phosphate buffer, pH 7.4, containing Mg
generating system.

2+

and a NADPH

In a final volume of 410 ml, the mixtured contained:

0.2 M KH2P0^, 3.7 mM MgCl, 7.8 mM L-malate, 3.8 mM glucose-6-phosphate,
0.3 mM NADP+, and 150 units of glucose-6-phosphate dehydrogenase.
3

35 nmoles of 25-hydroxy( H)D^ was added to this reaction mixture in 2 ml
of ethanol. Incubation was carried out in 5 separate flasks with gentle
shaking under air at 37°C for 90 minutes. Termination of the reaction
occurred with the addition of methanol-chloroform (2:1, v/v) as
described the section on Organic Solvent Extraction Tissues and Sub3

cellular Fractions. l^S-fOH)^ H)D^ was purified by column chroma
tography on silicic acid, Sephadex LH-20, and Celite. 1,25-(0H)2(3H)D3
was stored in distilled ethanol at -20°C.
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Chromatographic Methods

Silicic Acid Column Chromatography
Silicic acid was activated by heating in a vacuum oven to 120°C
for 24 hours just prior to use. Twenty-five grains of activated silicic
acid were then suspended in diethyl ether and poured into a column
(1.8 x 18 cm) with the aid of 3 psi nitrogen pressure for packing.
Samples for purification were applied in 10 ml of diethyl ether.

Ten

fractions were collected from columns which were batch eluted with 5%
acetone in diethyl ether as follows:

fraction numbers 1, 2, and 6-10,

50 ml; fractions 3-5, 20 ml. 1,25-(0H)_( H)D,_ eluted in fractions 5
L
O
through 7.

Each column was eluted tinder 3.psi of nitrogen pressure and

at a flow rate of 7 ml per minute. Fractions 5-7 were flash evaporated,
solubilized in ether, dried under nitrogen, and resolubilized in 65%
chloroform in hexane.

Sephadex LH-20 Column Chromatography
Liquid-gel partition chromatography on Sephadex LH-20 was per
formed by the method of Holick and DeLuca [125]. Five grams of Sephadex
LH-20 were suspended in 65% chloform in hexane and formed a 1 x 15 cm
column with gravity flow. Two fractions were collected. The first was
40 ml and the second, which contained

was 75 ml.

Columns

were eluted with 65% chloroform in hexane.

Celite Column Chromatography
Celite was washed with concentrated HC1, water, organic solvents,
and the fine particles were removed prior to use [126].

Column
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chromatography was by the procedure of Haussler et al. [127].
For resolution of dihydroxy-D-Vitamins, 5 volumes of 10% ethylacetate
in hexane were cross-equilibrated in a separatory funnel with 1 volume
of 45% water in ethanol for 30 minutes. The lower water-ethanol phase
served as a stationary phase and 11 ml were mixed with 11 g Celite
(1:1, v/w). The Celite was then suspended in excess ethyl acetatehexane (upper phase, mobile) and packed with a glass rod into a homo
geneous column (1 x 35 cm). The sample was nitrogen dried, solubilized
in 200X mobile phase, and applied to the column under nitrogen pressure.
Columns were run under 3 psi nitrogen pressure to achieve flow
rates of about 0.5 to 1.0 ml per minute.

Five-ml fractions were col

lected. The generated 1,25-(OH)had a radiochemical purity greater
than 95% as judged by re-chromatography on the Celite column and was
stored in distilled ethanol at -20°C.

Liquid Scintillation Counting
Liquid scintillation counting of all radioactive samples
(tritiated) was carried out after the addition of the appropriate liquid
scintillation counting solution.

For nonaqueous samples, counting solu

tion A, consisting of 4 g 2,5-diphenyloxazole and 50 mg 1,4-bis 2-(5phenyloxazoyl) benzene per liter of toluene, was used; and for aqueous
samples, Aquasol (New England Nuclear Corp.) was used. Samples were
counted to 2% error or for 10 minutes in a Beckman LS-250 ambient temper
ature or a Beckman LS-230 refrigerated liquid scintillation spectrometer.
Efficiencies for tritium ranged from 20% to 45%. The number of dpm of
isotope present in samples was determined by addition of an internal
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standard and redetermination of radioactivity. The tritiated toluene
standard was obtained from New England Nuclear Corp. The specific
activity of the tritium standard was 31,000 dpm/10 yl. The dpm was con
verted to pinoles of sterol based on known specific activity of labeled
sterol.

Spectrophotometrie Determination
In quantitating the concentration of sterol solutions, absorbance
measurements and spectra were made on a Beckman DB spectrophotometer
equipped with a 10-inch Beckman recorder.

Simultaneous Tissue Freezing and
Mounting on Tissue Holder
A modified method of Climie [128] and Stumpf and Sar [107] was
used to flash freeze the tissue. The tissue was removed from a pre3
cooled Petri dish and trimmed to a smaller size (2-4 mm ). A small
styrofoam box was filled with liquid nitrogen and a 126-ml capacity,
stainless steel beaker filled with 90 ml of isopentane was lowered
slowly into the liquid nitrogen until the beaker was 3/4 immersed. The
liquid nitrogen "boiled off" until the beaker cooled. The trimmed
tissue was situated, so that cross-sections could be cut, on a microtome
chuck with minced liver tissue as an adhesive. The tissue with tissue
holder was immersed slowly with a liquid nitrogen-cooled, 10-inch forcep
into the approximately -180°C cooled isopentane and remained submerged
for 30 seconds. The mounted specimen was placed immediately into a
styrofoam box containing dry ice and later was stored in an Ultralow
Revco Freezer at -80°C until use (Figure 4).
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Figure 4. Preparation of tissue for dip-coating, thaw-mount, and drymount autoradiography.
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Cryostat Frozen Sectioning
The tissue was removed from its Revco storage container to a
temporary freezer (styrofoam box containing dry ice) and later to the
American Optical Cryo-cut Microtome.

In the cryostat chamber, the

tissue was allowed to equilibrate to -20°C for 1-2 hours.

During this

process, as well as during cutting and frozen tissue handling, care was
taken not to expose the tissue to body heat or ambient air. The American
Optical Cryo-cut was equipped with a microtome having a cutting range
from 0-40 ym in 2-ym increments.

Minus 36°C was the lowest temperature

this microtome could furnish. The tissue was inserted into the tissue
holder of the microtome and sectioned at a thickness of about 4 ym. The
sections (20-30] were transferred with a pre-cooled fine forcep from the
microtome knife to a pre-cooled glass liquid scintillation counting vial
for subsequent freeze-drying or to an ethanol pre-cleaned microscopic
slide for dipping in liquid emulsion (Figure 4).

Freeze-Drying of Frozen Sections
A modified method of Stumpf and Sar [107] was used to freeze-dry
the tissue.

Freeze-drying was performed outside of the cryostat in a

large styrofoam box containing dry ice and plastic insulating material.
This entire procedure was performed at 4°C in a cold room. The cryopump and assembly are shown in Figure 4. The cryosorption chamber (M)
of the cryo-pump has a port which can be closed with a stopcock. The
cryosorption chamber is connected to the specimen chamber (H) of the
cryo-pump which is detachable and is seated with an O-ring connection to
the cryo-pump.

A valve is used to open and close outlet which can be
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attached to a mechanical forepump for pre-evacuation of the cryo-pump.
Four glass scintillation vials containing the frozen tissue sections
C-80°C) were transferred with a 10-inch, pre-cooled forcep to the precooled (-80°C) sample chamber and maintained in an ice chest of dry ice
until use.

The cryosorption chamber was charged with 200 g of molecular

sieve pellets through the port which was closed by re-inserting the
stopcock.

No pre-evacuation was used; therefore, the valve was closed.

The cryosorption chamber was closed and immersed in the larger Dewar
flask containing liquid nitrogen until a vacuum was created (approxi
mately three minutes).

The sample chamber was removed from the dry ice

container and immediately assembled to the cryo-pump. The connection
between the cryosorption chamber and the specimen chamber was opened.
This caused the specimen chamber to be self-seated at the 0-ring joint.
The specimen chamber was immersed immediately into the smaller Dewar
flask containing an acetone-dry ice slush. Liquid nitrogen and dry ice
were replenished approximately every 6 hours.
freeze-drying was terminated.

After 24-30 hours,

The specimen chamber was removed from

the acetone-dry ice mixture and the entire cryo-pump with the cryosorp
tion chamber still immersed in the liquid nitrogen Dewar was moved to
room temperature for 1-2 hours until the specimen chamber thawed.

The

vacuum was broken by introducing dry nitrogen gas slowly through the
outlet after opening the valve. The specimen chamber was removed from
the cryo-pump at the 0-ring connection and the scintillation vials with
tissue sections were removed and stored in a desiccator with Drierite
until dry-mounted on pre-coated emulsion slides. The cryosorption
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chamber was removed from the liquid nitrogen Dewar and allowed to warm
to room temperature.

After 18-24 hours, the molecular sieve pellets

were reactivated and reused (Figure 4).

Preparation of Emulsion and Emulsion
Pre-Coated Slides
A modified method of Stumpf and Sar [107] and Durie and Salmon
[121] was used for the following procedures.
Emulsion (NTB^)

was

Kodak Nuclear Track

heated in a Thermolyne hot plate oven at 42°C for

1 and 1/2 hours. In complete darkness, 30 ml of undiluted emulsion were
poured into a coplin jar and placed in a Napco 210 water bath that had
been preheated to 42°C and allowed to set for 1/2 hour to remove the
bubbles from the emulsion.

Microscopic slides with one end frosted for

labeling were precleaned by dipping slides into a small beaker con
taining distilled ethanol and drying with Kimwipes and placing the
slides into a Peel-a-Way plastic slide grip holder.

Individual slide

grips were dipped for 30 seconds into a coplin jar containing the liquid
emulsion, drained on Terri disposable towels to remove excess emulsion,
and were placed into an empty Kodak photographic paper box containing
rack holders and absorbant Terri disposable towels. The entire contents
were placed in black X-ray film bags and left to dry overnight.

One-

half of the photographic emulsion-coated slides were removed in the dark
and dipped again in scintillation solution [5 g of 2,5-diphenyloxazole
(PPO) and 100 mg of 1,4-bis-2(4-methyl-5-phenyloxazoyl)-benzene
(dimethyl-P0P0P)], dissolved in 500 ml dioxane, and dried overnight
(Figure 4). The dried slides with and without scintillation solution
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were removed from the grips and stored in sealed, black plastic, micro
scopic slide boxes with Drierite, wrapped in aluminum foil followed bytwo black X-ray film bags, and stored at 4°C until use. Samples slides
were developed and silver grains were counted under the oil objective to
determine the background before use. The silver grains should not
2
exceed 4 silver grains per 500 pm •

Dipping of Slides with Frozen Sections
in Liquid Emulsion
Tissue was sectioned (4 pm) on an American Optical Cryo-cut
Microtome at -20°C and was adhered to a clean microscopic slide by
touching a warm slide (room temperature) to the microtome blade (-20°C).
The slide was treated as described in the section on Preparation of
Emulsion and Emulsion Pre-Coated Slides (Figure 4).

Thaw-Mounting of Frozen Sections on
Emulsion Pre-Coated Slides
Several frozen tissue sections were cut (from the flash frozen
tissue) on a cryostat (-20°C) in a lighted darkroom. In complete dark
ness, an emulsion-coated slide, prepared according to the section on
•Preparation of Emulsion and Emulsion Pre-Coated Slides, was removed from
the black microscopic box, labeled, placed over the section on the
microtome knife so that the sections adhere to the emulsion by melting
from the heat of the slide. After mounting the section, the slide was
transferred to the microscopic slide box. The section-mounted slides
were exposed at -51°C (Figure 4). Photographic processing and staining
were done as described in that section.
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Dry-Mounting of Freeze-Dried Sections on
Emulsion Pre-Coated Slides
A modified technique of Stumpf and Sar [107] was used. In a
lighted darkroom, with humidity between 20-45%, the tissue was removed
from the desiccator and scintillation vial and subsequently put on a
Teflon support on a Terri disposable towel which was marked with tape so
that it could be felt in complete darkness.

With the light out, an

emulsion pre-coated slide was removed from its light-free environment
as described in Preparation of Emulsion and Emulsion Pre-Coated Slides
section, labeled, and pressed to the Teflon support. This was accom
plished by placing the slide (frosted slide down) over the Teflon support
with tissue, picking up both with a fine curved forcep, and pressing
them firmly together with the thumb and forefinger.

When the pressure

was abated, the Teflon support fell off and the sections adhered to the
emulsion. The mounted slides were stored in securely sealed (black
tape, aluminum foil, and two X-ray film black bags) in black microscopic
boxes for exposure at -15°C (Figure 4).

Photographic Processing and Staining
For development, the slide box was removed from the freezer and
allowed to warm to room temperature. This procedure prevented precipi
tation of moisture on a section when the microscopic box was open. A
slide was removed and breathed on several times in order to assure the
adherence of the section to the emulsion and to prevent loss of the sec
tion during photographic processing and staining. The following proce
dure occurred at 18°C. The slide was developed in Kodak D19 developer

for 3 minutes, dipped briefly in tap water, fixed with Kodak fixer for
5 minutes, rinsed in tap water for 15 minutes, and subsequently stained
in Harris hematoxylin and eosin [129].

CHAPTER 3

RESULTS

Generation and Purification of 1,25"
Dihydroxyvitamin D3, In. Vitro
Presently, both labeled and unlabeled l^S-COH^Dg are available.
At the initiation of this study, only the unlabeled l^S-COH^Dj metabo
lite was accessible; therefore, it was necessary to biosynthesize
labeled 1,25-C0H)2D3 from 25-OHf H)D3 by means of an in vitro^prepara
tion of chick renal 25-OHD^-la-hydroxylase enzyme.

In this procedure, a

kidney homogenate from vitamin D-deficient chicks is incubated with
3

25-0H( H)Dg in the presence of a NADPH generating system by a modifica
tion [44] of the procedure of Lawson et al. [42]. The stereospecific
hydroxylation in the 1-alpha position of 25-OHDg occurs in the kidney
mitochondria and is mediated by cytochrome P-450 [130]. The activity of
25-0HD--la-hydroxylase is markedly enhanced in animals that have a low
w

4

calcium status. Therefore, it is possible to achieve high conversion of
25-OHDg to l,25-(OH)2D3 in renal homogenates from chicks raised on a
vitamin D-deficient diet for 3-4 weeks prior to sacrifice [41], As
shown in Figure 5A, the hydroxylation of 25-0HD3 is very efficient in
this system, and the active hormone is one of the predominant vitamin
metabolites in the methanol-chloroform extract from the kidney homoge
nate. The radioactivity in the elution position of l^S-COH^D^ com
prises greater than 60% of the total eluted radioactivity following
37

Figure 5.

7

Chromatographic purity of 1,25-dihydroxy( H)vitamin D3.
•7
1,25-C0H)2D3 was prepared in vitro from 25-0H(°H)D3 as described
under Materials and Methods. A. The lipid extract from the kidney
homogenate was chromatographed on a silicic acid column (1.8 x 18
cm); B. on Sephadex IH-20 column (1 x 15 cm); and C. a Celite
liquid-liquid partition column. l,25-(OH)2(^H)D3 migrated in
fractions 13-15.
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Chromatographic purity of 1^S-COH^Dg.
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3

separation of the labeled hormone from the 25-OHC H)D^ precursor by
chromatography on silicic acid. Further purification of the 1,25-(0H)2D3
is carried out by column chromatography on Sephadex LH-20 and Celite
(Figures 5B and 5C).

Use of this purification sequence resolves the

sterol hormone from all known vitamin D metabolites, including 24,25(OH)2D3 and 25,26-COH)2D3 [59]. The final yield of 1,25-(0H)2(3H)D3
varies from 30-50% and its radiochemical purity is greater than 95%

as

3
determined by rechromatography of the 1,25-(0H)2( H)D3 on a Celite
column.
Unlabeled 1,25-(0H)2D3 was generously supplied by Dr. M.
Uskokovic, Hoffmann-La Roche, Inc.

The concentration of 1,25-(0H)2D3

was quantitated by measurement of ultraviolet absorbance at 265 nm as
shown in Figure 6.

Subcellular Localization of
1,25-(0H)2D3, In Vivo
An initial study of the subcellular distribution of the label
3
from l,25-(OH)2( H)D3 was carried out in rachitic chicks, in vivo. This
experiment was designed to confirm the specific localization of 1,25(0H)2D3 in the chromatin fraction of the intestine and to extend these
findings by demonstrating the tissue specificity of the binding of 1,25(0H)2D3. Rachitic chicks were injected intracardially with 0.33 nmol of
labeled 1,25-(0H)2D3 (6.7 Ci/mmole) or the same dose plus a 100-fold
excess of unlabeled 1,25-(0H)2D3.

Approximately 2 hours later, Triton

X-100 washed chromatin, crude nuclei, cytosol, mitochondria, and micro
some fractions were prepared from intestine, muscle, and liver tissue.
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Figure 6. Ultraviolet absorption spectrum of the nonradioactive
vitamin D sterol.
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The sterol was extracted from the chromatin, crude nuclei, cytosol,
mitochondria, and microsome fractions with methanol-chloroform (2:1).
The amount of radioactivity recovered from the intestinal, muscle, and
liver tissue is reported in Figure 7.
In the intestinal cell nuclei, a striking amount of labeled
sterol is evident. This binding appears to be "specific" (i.e., high
affinity and low capacity) since excess unlabeled 1,25-(OH)2^ in addi
tion to labeled 1,25-(OH)2^ reduces the nuclear binding.

Within the

nucleus, the intestinal mucosa chromatin seems to be the specific
binding site of labeled 1,25-(OH)2^ since this binding is also reduced
with excess unlabeled 1,25-(0H)2D3. Considerably less binding of
labeled l^S-^H^D^ is evident in the intestinal cytosol but this
binding is specific because it is removed with an excess amount of
unlabeled 1,25-(0H)The intestinal mitochondrial and microsomal
fraction takes up a very small amount of labeled l^S-COH^D^ and this
binding is non-specific because it is not abolished by excess
1,25-(0H)2D3.
A small amount of labeled l^S-^H^D^ is localized in the
nucleus of the muscle cell. Since a decrease in binding is not observed
when labeled and excess unlabeled sterol is present, this indicates a
lack of specific binding in the muscle cell nucleus.

The chromatin from

the muscle cell takes up a minute amount of labeled l,25-(OH)2D3 which
is not removed by large amounts of unlabeled 1,25-(OH)2^2.

Also, very

little label is present in muscle cytosol, or mitochondria and micro
somes obtained from labeled l,25-(OH) D treated chick and this labeling
b o

Figure 7.

Subcellular localization of 1,25-dihydroxy(%)vitamin D3 in intestine mucosa,
muscle, and liver tissue two hours after administration of the hormone.

Two rachitic chicks were injected intracardially with either 0.165 yg of labeled
1,25-(0H)2D3 •(•), or the same dose plus a 100-fold excess of unlabeled l,25-COH)2D3
C KSgrI ), and approximately 2 hours later Triton X-100 washed chromatin in addition to
crude nuclei, cytosol, mitochondria, and microsome fractions were prepared from
intestine, liver, and muscle tissue. Radioactivity was determined after extraction with
methanol-chloroform (2:1).
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is not decreased by excess unlabeled l,25-COH)2Dg.

Thus, this implies

that no specific retention of 1,25-(OH]occurs in any fraction of the
muscle tissue.
There is a substantial retention of radioactivity in the nuclei
of liver cells after labeled 1,25-C0H)2D3 treatment is given to a
rachitic chick. The binding of 1,25-(OH)2D^ is non-specific since
excess unlabeled, in addition to labeled, l,25-(OH)_D_ fails to eliminate it.

Almost no labeling is observed in the chromatin of liver cells

from animals treated with labeled, or both labeled and unlabeled, 1,25COH)2Dg.

In the liver cytosol, a small amount of labeled 1,25-(0H)2D3

is observed but this binding is still present after treatment with a
100-fold excess unlabeled l^J^-COH^Dg.

A similar effect is seen in the

liver mitochondrial and microsomal fraction.

Labeled 1,25-(OH)2D^ is

retained and this binding is not removed by excess unlabeled 1,25(OH^Dg. Therefore, the liver tissue is apparently a non-target tissue
for the active vitamin D metabolite, since specific binding of this
metabolite to liver tissue is not observed.
These data indicate that l,25-(OH)2D3 binds specifically to the
chromatin fraction within the nucleus of the intestinal mucosa cell.
There is retention of 1,25-(0H)2D3 in the nucleus of muscle and liver
cells, but this binding is apparently non-specific.

No specific binding

of 1,25-(OH)2D^ in the chromatin of muscle and liver cells is evident.
There is also specific binding of l,25-(OH)2D3 in the intestinal
cytosol.

This specific binding is lacking in the cytosol of muscle and

liver tissue.
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Optimal Dose for Binding of 1,25-(0^203
to Intestinal Cell Chromatin, In Vivo
After the demonstration of 1,25-(0H)2D3 binding specifically to
the intestinal mucosa cell chromatin of rachitic chicks, subsequent
experiments were designed to determine, for future autoradiographic
experiments, the optimal dose and the optimal time required to obtain
maximum binding of labeled l,25-(0H)2Dg in the intestinal mucosa
chromatin.

Rachitic chicks were injected intracardially with increasing

amounts of 1,25-(0H)_(^H)D (0.67 Ci/mmole) and 2 hours later the Triton
X-100 washed chromatin from intestine mucosa cell was prepared.

Extrac

tion of the sterol from the chromatin fraction by methanol-chloroform
(2:1) shows that the radioactive sterol bound to the chromatin is maxi
mum at a dose of 0.52 nmol (Figure 8). At this dose, the amount of non
specific binding was very large as indicated by the amount of labeling
in the total intestinal homogenate (Figure 8).

At the lower doses, the

hormone (as indicated by the number of dpms) in the chromatin is 1/5 to
1/3 the amount observed at the higher doses of 1,25-(0H)2D3.

But non

specific binding at the lower doses of 1,25-(OH)is much less than
that at the maximum dose.

For the autoradiographic studies, the maximum

dose of 0.52 nmol is used because the maximum amount of radioactivity
from labeled l,25-(OH)2D3 is observed in the intestinal mucosa cell
chromatin at this dose.

Labeled steroid hormones such as estradiol-173

[103], corticosterone [116], androgen [117], and progesterone [118] have
been used to demonstrate the site of action by autoradiography in their
respective target tissue. The specific activities of these steroids are
3

approximately 5 to 10 times the specific activity of l,25-(OH)2( H)D3

Figure 8. In vivo binding of 1,25-dihydroxyC H)vitamin D3 to
intestinal mucosa and total homogenate after the
administration of increasing doses of 1,25-(0H)2("*H)D3.
Rachitic chicks were injected intracardially with increasing doses
of 1,25-(0H)2(%)D3 and 2 hours later the animals were sacrificed.
Intestinal mucosa chromatin was prepared and extracted with methanolchloroform (2:1). The radioactivity was determined in the total
homogenate ( • • ), and chromatin ( 0—0). Each number represents
the average of 3 separate animals ± S.D.
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In vivo binding of l,25-dihydroxy(3H)vitamin D3 to intestinal
mucosa and total homogenate after the administration of
increasing doses of 1,25-(OH)2(^)03.
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(11.2 Ci/mmole); hence, to visualize the sterol as exposed silver
3

grains, a maximum dose of l^S-COH^C H)D was used.
j

However, at this

dose, the binding of 1,25-(0H)2D3 to non-specific binding sites is high.
Thus, this tends to increase the silver grains which are not specific
for 1,25-(OH)2^ (background) in autoradiographs.

Optimal Time for Binding of 1,25-(0H)2D3
to Intestinal Cell Chromatin, In Vivo
A time course experiment was next performed on rachitic chicks
injected intracardially with a single dose of 0,52 nmol of the labeled
sterol hormone (0.67 Ci/mmole). At the appropriate times, Triton X-100
washed chromatin from the intestinal mucosa cell was prepared. Extrac
tion of the sterol from the chromatin fraction by methanol-chloroform
3
(2:1) reveals a substantial amount of incorporation of 1,25-(0H)2( H)I>3
at 2 hours (Figure 9). The sterol is rapidly incorporated into the
chromatin as shown (Figure 9) by the increased radioactivity from the
3
1,25-(0H)2( H)D^ at 15 and 30 minutes and at 1 hour time points. Even
3
after 4 hours a striking amount of l,25-(OH)2(

is retained in the

intestinal mucosa cell chromatin. These early time points and the
4 hour time point were not employed for the autoradiographic studies due
to the lower radioactivity incorporated into the intestinal mucosa cell
chromatin.

Again, this high incorporation of radioactivity from labeled

1,25-(OH)2^ is necessary to be visualized as exposed silver grains in
the autoradiographs. Therefore, a single dose of 0.52 nmol of labeled
sterol hormone given 2 hours prior to sacrifice was used in the in vivo
autoradiographic experiments discussed later.

Figure 9. Time course of localization of l,25-dihydroxyC%)vitamin
D3 in the intestinal mucosa chromatin after a single dose
of 1,25-(0H)2C3H)D3.
Rachitic chicks were injected intracardially with a single dose of
1,25-C0H)2(3h)D3 and were sacrificed at the prescribed time.
Intestinal mucosa chromatin was prepared and extracted with
methanol-chloroform (2:ID. The radioactivity was determined in the
intestinal total homogenate ( • • ), and chromatin ( 0
o ).
Each number represents the average of 3 separate animals ± S.D.
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Tissue Preparation for Autoradiography

Binding of 1,25-(0H)2D3 to Intestinal
Mucosa Cell Chromatin, In Vitro
Following the in vivo demonstration of 1,25-(0H)2D3 binding to
the intestine mucosa cell chromatin of rachitic chicks, the in vitro
binding of labeled 1,25-(OH)

to the chromatin fraction was assessed

in the whole intestine mucosa.

If the in vitro binding is as efficient

as the in vivo binding of labeled l^S-COH^D^ to intestinal mucosa cell
chromatin, then a number of parameters demonstrating the binding of the
metabolites of vitamin D can be studied by autoradiography. These in
vitro studies would reduce tremendously the amount of sterol employed in
each autoradiographic study.

Incubation of whole intestinal cell mucosa

with increasing amounts of labeled 1,25-(OH)2^ for 40 minutes at 25°C
results in saturable binding of the labeled hormone to the chromatin at
a physiological dose of 8 nM of labeled l^S-fOH^Dg (Figure 10). At a
saturating dose of 8 nM of labeled 1,25-(OH)2^, 0.002 nmol of the
sterol is found in the chromatin fraction.

In the in_vivo study,

saturation of the intestinal mucosa cell chromatin with labeled 1,25(OH^Dg is not achieved. After a dose of 0.52 nmol of labeled
1,25-(OH)2^, 0.007 nmol of the label is in the chromatin fraction.
Therefore, the uptake and the retention of labeled 1,25-(OH)2^ in vivo
is very effective.

The radioactivity from the labeled sterol in the

chromatin from the in vitro experiment is sufficient to be visualized as
exposed silver grains in the autoradiographs. The binding in the total
intestinal homogenate is approximately linear with increasing doses of

Figure 10. In vitro binding of 1,25-dihydroxy(%)vitamin Dg to
intestinal mucosa chromatin and total homogenate after
incubation of intestinal mucosa with 1,25-((H)2(^)03.
Whole intestinal mucosa from rachitic chicks were incubated with
increasing amounts of 1,25-(0H)2(3H)D3 for 40 minutes at 25°C.
Triton X-100 washed chromatin was prepared and extracted with
methanol-chloroform (2:1]. The radioactivity was determined in the
total homogenate (• • ), and chromatin C 0—0 ). Each number
represents one animal.
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In vitro binding of 1,25-dihydroxy(%)vitamin D3 to
intestinal mucosa chromatin and total homogenate after incu
bation of intestinal mucosa with 1,25-(0H)2(3H)D3.
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labeled l^S-COH^D^ (Figure 10). At the saturating dose of 8 nm of
labeled l^S-COH^D^, the amount of radioactivity in the total intestinal
cell homogenate is about 7 times more than that in the chromatin frac
tion.

In the in vivo study, the radioactivity in the total intestinal

homogenate is the same as in the in vitro experiment, but the uptake of
1,25-(OH)2^ in the intestinal chromatin is 3 times more efficient in
the in vivo study. Thus, the in vivo system is the best system to use
for the autoradiographic studies.

Exposure of Tissue to Sterol, In Vitro
In spite of the fact that incubating intestinal tissue in
labeled sterol in vitro increases the background, and takes up less of
the sterol in the nuclei, this procedure is used to perfect the auto
radiographic technique. The procedure allows the use of less sterol and
requires less time after administering the sterol and preparing the
tissue for autoradiography. Following decapitation of a rachitic chick,
the desired tissue is.incubated in 13 nM of labeled l^S-COH^Dj in
ethanol in Delbecco's Modified Medium (DMM) for 30 minutes at 25°C. The
tissue is washed twice with fresh DMM.

A portion of the tissue is pre

pared either for autoradiography or for determination of the radio
activity from the sterol. The labeled sterol is extracted with
methanol:chloroform (2:1), or the tissue is solubilized in Soluene and
the radioactivity determined as described under Liquid Scintillation
Counting.

3
When binding is assessed in 5 mm pieces of intestine, liver,

3
and thoracic muscle tissue, most of the label from 1,25-(0H)2( H)D is
j
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in the intestinal tissue. About 1/2 and 1/10 the amount of radioactivity
observed in the intestinal tissue is present in the liver and thoracic
muscle tissue, respectively Cda.ta not shown). Thus, 1,25-(0H)2D3 is
selectively being taken up and retained in its intestinal target tissue;
this effect is lacking in the thoracic muscle tissue.

Although 1,25-

(OH^Dg is incorporated in the liver, no nuclear localization of silver
grains is evident in the autoradiographs (data not shown). There is
evidence of nuclear localization of 1,25-COH^D^ in the intestinal
cellular tissues, whereas none is evident in the nucleus of thoracic
muscle cellular tissue autoradiographs (data not shown).
Numerous in vitro experiments were performed to perfect the
autoradiographic technique. The background silver grain count was mini
mized by cleaning slides with

ethanol and exposing tissue at low tem

peratures. The optimal'temperature and exposure time were determined by
trial and error.
were tested.

Temperature ranging from room temperature to -80°C

Exposures times from 30 minutes to 1 month were tested

initially in combination with the presence of scintillation fluid. From
these data it was concluded that longer exposure time points were
necessary.
In order to freeze the tissue quickly without causing artifacts,
a modified method of Climie [128] and Stumpf and Sar [107] was used.
Tissue is flash frozen in isopentane immersed in liquid nitrogen. Rapid
freezing of the tissue optimally arrests metabolism and preserves a
given situation at a given time.

Also, ice crystal formation is

reduced, thus resulting in optimal preservation of tissue morphology.
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Low temperatures facilitate the cryocutting of thin tissue sections
which results in good subcellular tissue resolution [131,132].
The three autoradiographic techniques (dip-coating, thaw, and
dry-mount) were practiced repeatedly until representative autoradiographs were produced.

The dip-coating method is less difficult and less

time-consuming than the thaw and dry-mount techniques. The dip-coating
procedure is also more likely to result in translocation of the labeled
hormone, since liquids are not removed from the emulsion and the tissue,
thus making results difficult to interpret [114]. The thaw-mount tech
nique is a combination of the dip-coating and dry-mount techniques.
Fluid is removed from the emulsion but not the tissue. It circumvents
freeze-drying but includes warming and melting of the frozen sections as
they are applied to the desiccated emulsion-coated slides. The amount
of diffusible fluid in the tissue sections is small, thus translocation
will be minimized [107].

In this study, the thaw-mount technique

appears to preserve the tissue better than the other two techniques;
but, it is more time-consuming and requires expert skill in touch
mounting the tissue section to the emulsion pre-coated slide.

The dry-

mount technique is by far the most tedious and time-consuming of the
three techniques.

It offers the most conclusive results since translo

cation of the labeled sterol is less likely to occur because all fluids
are removed from the emulsion and tissue.

In the dry-mount procedure,

the tissue is freeze-dried, according to Stumpf and Sar [107], by
removing the fluid from the tissue.

An effective freeze-drying system

which maintains a good vacuum (10~^ torr) and removes ice from the
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specimen is required. In this technique, freeze-drying may result in
inferior preservation of tissue morphology due to a number of factors,
such as type of tissue, section thickness, or vacuum system. The opti
mal time required for freeze-drying must be determined by experimenta
tion.

When the tissue is applied on Teflon supports to the emulsion

pre-coated slides, pressure artifacts may result, thus leading to a high
background of spurious grains. Thus, the tissue is manipulated more in
the dry-mount technique than the other two techniques. This may result
in poor morphological detail of the cellular components and in higher
background of silver grains in the autoradiographs.

Exposure of Animals to Sterol, In Vivo; A
Test of the Autoradiographic Technique
This experiment was performed to evaluate the validity of these
newly developed autoradiographic techniques by performing a classical
experiment of Stumpf [123] in which estradiol-17$ was localized in the
nuclei of uterine tissue by dry-mount autoradiography. Three immature
female rats were injected subcutaneously with vehicle (ethanol-saline,
3
or 2 yg of H-estradiol-17B in ethanol-saline, or the same dose plus a
100-fold excess of unlabeled estradiol), Two hours later, the uterine
and the diaphragm muscle tissue were prepared for autoradiography and
for radioactivity determination as, described in Liquid Scintillation
Counting.
The resolution of the cellular components of the uterine and
diaphragm tissue is poor.
uterine tissue of the

In spite of this, the autoradiographs of the

3
H-estradio1-173 treated rats clearly show
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localization of the labeled sterol in the nuclei of the epithelial,
stroma, and glandular cells (data not shown). This nuclear localization
of

3
H-estradiol-173 is reduced when an animal is treated with excess

unlabeled estradiol in addition to labeled estradiol (data not shown).
The nuclei of the diaphragm cells did not show localization of the
exposed silver grains.
both the

The silver grains are sparsely distributed in

3
3
H-estradiol-173 and the H-estradiol-173 and excess unlabeled

estradiol treated animals (data not shown). The amount of radioactivity
from the labeled sterol in the diaphragm is only one-fourth as much as
that observed in the uterine tissue (data not shown). Therefore, these
autoradiographic techniques are functional and can demonstrate localiza
tion at the site of action of a labeled sterol in its target tissue.

Autoradiographic Detection of Bound 1,25-(0H)2D3
These three autoradiographic techniques, dip-coating, thawmount, and dry-mount, were used to study the site of action of the
active vitamin D sterol. The autoradiographic technique is used as an
independent method to confirm the biochemical evidence that the nucleus
is the site of action of 1,25-(OH)2^. The tritium decay from the
labeled hormone is detected as exposed silver grains in the emulsion and
the location of the silver grains, which is viewed as black dots in the
autoradiographs, indicating the position of the sterol.

The anatomical

and quantitative distribution of radioactively labeled 1,25-(0H)2D3 is
assessed within its intestinal target tissue.

This site of binding of

1,25-(OH)2^ will provide information as to how the sterol may be acting
in its target tissue.

Rachitic chicks were dosed with labeled hormone,
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or labeled hormone plus excess unlabeled hormone, or vehicle alone
(propylene glycol).

Both target and non-target (liver and thoracic

muscle) tissues were prepared for dip-coating, thaw-mount, and dry-mount
autoradiography.

After 4-6 months exposure, autoradiographs were

developed, stained, and examined microscopically for distribution and
quantitation of silver grains and finally photographed.

Preservation of Tissue after
Flash Freezing
Prior to making autoradiographs, a sample histological slide of
each tissue was made to determine the state of preservation of the
tissue after flash freezing in isopentane immersed in liquid nitrogen.
The tissue is stained with hematoxylin, which stains the nucleus blue,
and eosin, which stains the cytoplasm pink, and examined under the
microscope.

Well-preserved morphology of cross-sections of intestine

villus (A) and crypt (B) cells of a rachitic chick after flash freezing
are illustrated in Figure 11. The nuclei (N) in the villus and crypt
cells are the darkly staining bodies and the cytoplasm (C) is the
lighter staining structure surrounding the nuclei. The connective
tissue or lamina propia (LP) forms the core of the villus and surrounds
adjacent crypt cells.
Well-preserved morphology of the thoracic muscle and liver
tissue from a rachitic chick after flash freezing are demonstrated in
Figures 12 and 13, respectively. The nuclei (N) are darkly stained and
the cytoplasm (C) is lightly stained.
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Figure 11.

Intestinal villi (A) and crypt CB) cells from a rachitic
chick after flash freezing in isopentane immersed in liquid
nitrogen; stained with hematoxylin and eosin; N = nucleus,
C = cytoplasm, and LP = lamina propia; X 1200.
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Figure 12. Thoracic muscle tissue from a rachitic chick after flash
freezing in isopentane immersed in liquid nitrogen; stained
with hematoxylin and eosin; N = nucleus and S = sarcoplasm;
X 1200.
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Figure 13.

Liver tissue from a rachitic chick after flash freezing in
isopentane immersed in liquid nitrogen; stained with
hematoxylin and eosin; N = nucleus and C = cytoplasm;
X 1200.
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Dry-Mount Scintillation Autoradiography
Special prerequisites, in autoradiography, are required for
diffusible compounds in order to obtain meaningful results. Since
steroid are small molecular weight substances which are not covalently
bound to macromolecules, loss and redistribution easily occur during
tissue preparation and photographic emulsion application.

All solvents

and fluids for the histological treatment of the tissue should be
excluded.

A fixative which immobilizes the hormone at its original site

of action without causing translocation of the labeled molecules or
tissue component is necessary.

Also, a new autoradiographic technique

should be tested beforehand for its utility with a compound known to be
diffusible or localized.

Since a proper immobilizing fixative for

steroids has not been found, the tissue remained unfixed in this study.
The freeze-dry technique was used in order to minimize translocation by
removal of fluids from the tissue and in lieu of fixation. Fluids were
also removed from the emulsion by pre-coating slides with emulsion
before tissue application. To minimize the exposure time required to
produce a significant number of silver grains, scintillation fluid was
employed. Scintillant enhances the silver grains as the B particles
from the tritium label pass through the emulsion; it also causes an
increase in the number of spurious silver grains. Therefore, tissues
were exposed at a low temperature (-20°C).
Figures 14 through 25 are representative autoradiographs of the
dry-mount scintillation autoradiographic technique. Figures 14-20 are
autoradiographs exposed for 112 days and Figures 21-25 are
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Figure 14.

Dry-mount scintillation autoradiographs of intestinal villi
(A) and crypt (B) cells from a propylene glycol treated
rachitic chick demonstrating no silver grains (black dots)
superimposed over the darkly stained nuclei and the lightly
stained cytoplasm; exposure was 112 days; stained with
hematoxylin and eosin; X 1200.
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Figure 15.

Dry-mount scintillation autoradiographs of intestinal villi
CA) and crypts (B) cells from a rachitic chick treated with
1,25-(0H)2(^H)D3 demonstrating a significantly greater
number of silver grains (black dots) superimposed over the
darkly stained nuclei than over the lightly stained cyto
plasm; exposure time was 112 days; stained with hematoxylin
and eosin; X 1200.
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Figure 16.

Dry-mount scintillation autoradiographs of intestinal villi
(A) and crypts (B) cells from a rachitic chick treated with
1,25-(0H)2(3H)D3 plus a 100-fold excess of unlabeled
1,25-(0H)2D3 demonstrating a significant decrease in the
number of silver grains (black dots) superimposed over the
darkly stained nuclei but not a decrease over the lightly
stained cytoplasm; exposure time was 112 days; stained with
hematoxylin and eosin; X 1200.
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Figure 17.

Dry-mount scintillation autoradiograph of thoracic muscle
tissue from a propylene glycol treated rachitic chick demon
strating no silver grains (black dots] are superimposed over
the darkly stained nuclei and the lightly stained cytoplasm;
exposure time was 112 days; stained with hematoxylin and
eosin; X 1200.
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Figure 18.

Dry-mount scintillation autoradiographs of thoracic muscle
tissue from a rachitic chick treated with l,25-(OH)2(3H)D3
(A), or l,25-(0H)2(3H)Dg plus a 100-fold excess unlabeled
l,25-(OH)2D3 (B) demonstrating sparsely distributed silver
grains (black dots) superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
112 days; stained with hematoxylin and eosin; X 1200.
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Figure 19.

Dry-mount scintillation autoradiograph of liver tissue from
a propylene glycol treated rachitic chick demonstrating no
silver grains (black dots) are superimposed over the darkly
stained nuclei and the lightly stained cytoplasm; exposure
time was 112 days; stained with hematoxylin and eosin;
X 1200.
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Figure 20.

Dry-mount scintillation autoradiographs of liver tissue from
a rachitic chick treated with l^S-fOH^C^Dj (A], or
1,25-(0H)2(3H)D3 plus a 100-fold excess of unlabeled
1,25-(OH)2D3 (B) demonstrating sparsely distributed silver
grains (black dots) superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
112 days; stained with hematoxylin and eosin; X 1200.
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Figure 21.

Dry-mount scintillation autoradiographs of intestinal villi
(A) and crypts (B) cells from a propylene glycol rachitic
chick demonstrating sparsely distributed silver grains
(black dots) superimposed over the darkly stained nuclei and
the lightly stained cytoplasm; exposure time was 164 days;
stained with hematoxylin and eosin; X 1200.
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8

Figure 22.

Dry-mount scintillation autoradiographs of intestinal villi
(A) and crypt (B) cells from a rachitic chick treated with
1,25-(0H)2(3H)D3 demonstrating a significantly greater
number of silver grains (black dots) superimposed over the
darkly stained nuclei than over the lightly stained cyto
plasm; exposure time was 164 days; stained with hematoxylin
and eosin; X 1200.
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Figure 23.

Dry-mount scintillation autoradiographs of intestinal villi
CA) and crypt (B) cells from a rachitic chick treated with
1,25-(0H)2(3H)D3 plus a 100-fold excess of unlabeled
1,25-(OH^D-j demonstrating a significant decrease in the
number of silver grains (black dots) superimposed over the
darkly stained nuclei but not a decrease over the lightly
stained cytoplasm; exposure time was 164 days; stained with
hematoxylin and eosin; X 1200.

70

Figure 24.

Dry-mount scintillation autoradiograph of thoracic muscle
tissue from a propylene glycol treated rachitic chick demon
strating sparsely distributed silver grains (black dots)
superimposed over the darkly stained nuclei and the lightly
stained cytoplasm; exposure time was 164 days; stained with
hematoxylin and eosin; X 1200.
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Figure 25.

Dry-mount scintillation autoradiographs of thoracic muscle
tissue from a rachitic chick treated with 1,25-(0H)2(^H)D3
(A), or 1,25-(0H)2(3H)D3 plus a 100-fold excess of unlabeled
l,25-(OH)2D3 demonstrating sparsely distributed silver
grains (black dots] superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
164 days; stained with hematoxylin and eosin; X 1200.
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autoradiographs exposed for 164 days.

Autoradiographs of intestine,

thoracic muscle, and liver tissues from animals treated with propylene
glycol, labeled 1,25-(0H)2D3, or labeled 1,25-(OH^Dj Plus excess
unlabeled 1,25-(OH)2^ are represented in Figures 14 through 25.
Autoradiographs Exposed 112 Days.
1. Sham propylene glycol treated animal: The propylene glycol
treated chick serves as the autoradiographic control.

In

unfixed or freeze-dried preparations, chemographic images may
occur and may contribute to an increase in background.

It is

possible that silver grains visible in autoradiographs are
derived not from the radioisotope but rather from various chemi
cal interactions between tissue components and the photographic
emulsion. For example, chemographic images occur when sulhydryl
groups (cysteine and glutathione) activate silver halide grains
in the photographic emulsion. Chemographic images may also be
caused by mechanical pressure [107], Chemographic images can be
reduced by keeping tissue preparation at temperatures below zero
degrees centigrade. Therefore, sections from tissues that do
not contain radioactive sterol but propylene glycol served as a
chemography control in this study.
In Figure 14, the autoradiographs of the intestinal villi
(A) and crypt (B) cells demonstrate a very low background of
silver grains as well as no accumulation of silver grains over
the nuclei. The small black dots superimposed over the tissue
represent the exposed silver grains in the emulsion.

Examination
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of the cells of the thoracic muscle tissue in Figure 17 reveals
no nuclear and cytoplasmic accumulation of silver grains which
are randomly distributed.
to be insignificant.

The background silver grains appear

The few silver grains in the cells of the

liver tissue (Figure 19) are sparsely distributed in both the
nucleus and the cytoplasm; thus the background is low.

In

Table 1, a quantitative examination of the number of silver
grains in the tissue is reported. The number of silver grains
are counted in a 500 ym

2

area.

Approximately ten 500 ym

2

areas

are counted in five slides per chick. The number of silver
grains for the intestine and thoracic muscle tissue is low (data
for liver not shown). Therefore, the tissue from the animal
treated with propylene glycol has a very low background of
silver grains count due to tissue and emulsion interaction,
or to mechanical manipulation. . The silver grains are ran
domly distributed and no accumulation of silver grains is evi
dent in the autoradiographs.
2.

1,25-(OH)2(^)03 treated animal:

The autoradiographs exposed

3

for 112 days from lf25-(0H)2( H)D3 treated rachitic chick demon
strate a preferential accumulation of silver grains superimposed
over the nuclei in both the intestine villus (A) and crypt (B)
cells (Figure 15). Some silver grains are present in the cyto
plasm. Autoradiographs of thoracic muscle (Figure 18A) and
liver (Figure 20A) tissue from the same animal did not show a
nuclear concentration of silver grains in the muscle and liver
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Table 1.

Quantitative incorporation of 1,25-(OH)2(^)03 in the nuclear
and cytoplasmic fraction of intestine and thoracic muscle
tissue of rachitic chicks as determined by silver grain count
per unit area in dry-mount scintillation autoradiographs
exposed 112 days.

Three rachitic chicks were injected intracardially with propylene glycol,
or 0.165 yg of 1,25-(OH)2(^ODj, or the same dose plus a 100-fold excess
of unlabeled 1,25~(0H)2D3. Two hours later, the tissue was flash frozen,
cut at 4 p on a cryostat, freeze-dried, dry-mounted on a pre-coated
emulsion slide, exposed for 112 days, developed, and stained with
hematoxylin and eosin.

Tissue
Intestine

Muscle

aAverage

Grains in Nucleus
per Unit Areaa

Grains in
Cytoplasm per Unit
Areaa

Propylene glycol

4.0±2.5 (crypt)
1.8±i.7 (villi)

5.5+2.3 (crypt)
6.3+2.9 (villi)

1,25-(QH)2(3H)D3

93.4±25.8? (crypt)
99.8+26.1° (villi)

16.7± 9.4C (crypt)
33.3±13.4C (villi)

1,25-(QH)2(3H)D3
plus 100-fold
excess unlabeled
1,25-(0H)2D3

10.0±3.6 (crypt)
10.3±7.0 (villi)

13.3±6.0 (crypt)
26.7±5.9 (villi)

Propylene glycol

2.0+1.3

7.6±1.4

1,25-(0H)2(3H)D3

2.4±1.4

23.4±6.1

1,25.(0^2(^)03
plus 100-fold
excess unlabeled
1,25-(0H)2D3

2.9*1.6

23.6±6.1

Hormone
Treatment

grain count in 500 ym^ area ± standard deviation in 5 slides per

chick.
Significantly different from 1,25-(0H)2(^)03 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control (p < 0.001} and 1,25-(0H)2(3H)D3 grains
in the cytoplasm (p < 0.001).
°Not significantly different from 1,25-(OH)2(^)03 plus 100-fold excess
unlabeled i,25-(OH)2D3 control.
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cells. The silver grains are sparsely distributed in both the
nucleus and the cytoplasm.

Thus, labeled 1,25-(0H)2D3> given

exogenously to a rachitic chick, appears to be preferentially
concentrated in the nuclei of target intestinal crypt and villus
cells. No preferential accumulation of silver grains is
observed in the cytoplasm of intestinal crypt and villus cells
or

in the nucleus or cytoplasm of thoracic muscle and liver

cells.
1,25-(OH)2C3H)D3 and 1,25-(0H)2D3 treated animal:

A significant

decrease in the number of silver grains is apparent in the
intestinal villi (A) and crypt (B) nuclei in Figure 16 of a
rachitic chick treated vdth both the labeled and excess
unlabeled active vitamin D metabolite. The silver grains in the
cells of the thoracic muscle (Figure 18B) and the liver
(Figure 20B) tissue are sparsely distributed in both the nucleus
and the cytoplasm of the same chick. Thus, these data indicate
the binding of the active metabolite of vitamin D is specific
for intestinal nuclei since the binding of labeled 1,25-(OH)
is removed by excess unlabeled 1,25-(OH)2^.
Quantitative incorporation of 1,25-(OH)2D3:

A quantitative
3

evaluation of the incorporation of 1,25-(0H)2( H)D^ in the
nuclear and cytoplasmic fraction by counting the number of
silver grains in a designated area reveals 75% of the grains in
the nuclei of the intestinal villus and crypt cells (Table 1).
A significant decrease of 90% in the labeling in the intestinal
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villi and crypt nuclear cells is apparent by the fewer number of
silver grains counted (Table 1) in the rachitic chick treated
with labeled 1,25-(0H)2D3 and excess unlabeled l,25-(OH)2D3.
The cytoplasmic silver grain count is similar in both the 1,25(OH)2(3H)D3 and the 1,25-(0H)2(3H)D3 plus excess 1,25-(0H)2D3.
Apparently, 2 hours after injecting the exogenous sterol, most
of the hormone is in the nucleus; thus, no decrease in the
amount of binding is obvious in the presence of excess unlabeled
1,25-(OH)2^. A measure of the silver grains in the thoracic
muscle cells discloses no difference in the number of silver
grains in the nucleus and the cytoplasm whether the animal is
treated with labeled 1,25-(QH)2D3, or labeled plus unlabeled
l,25-(OH)2D3 (Table 1). Thus, the quantitative evaluation of
the autoradiographs confirms the visual evidence that the 1,25(0H)2D3 is preferentially retained in the nucleus of the
intestinal cell and this effect is not found in the cytoplasm of
the intestinal cells or

in the thoracic muscle cells.

Biochemical evidence of bound 1,25-(0H)2D3:

Biochemical studies

were performed on the same intestinal tissue utilized for auto
radiographs above and both techniques are in close agreement.

A

measure of the amount of incorporation of labeled 1,25-(0H)2D3
in the chromatin fraction shows the presence of 64% of the
radioactivity, while only 4% of the radioactivity remains after
treatment with both labeled and excess unlabeled 1,25-(0H)2D3
(Table 2).

Virtually all of the chromatin associated
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Table 2.

In vivo binding of l,25-dihydroxy(^H)vitamin D3 to intestinal
mucosa chromatin after a single dose of 1,25-(0H)2(3H)D3 or
1,25-C0H)2C3H)D3 plus a 100-fold excess of 1,25-(0H)2D3.

3

H dpm per Gram
Total Homogenate

H dpra per Gram
Chromatin
Equivalent

% Localization
in Chromatin

235,000

149,500

64

72,500

2,900

4

3

Treatment

V^

I^S-COH^C

1,25-(0H)2C3H)D3
plus a 100-fold
excess of unlabeled
1,25-C0H)2D3
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radioactivity is 1,25-(OH)2^ [82]. Thus, the biochemical evi
dence confirms the autoradiographic data that a preferential
accumulation of l^S-COH^C^HJDj is found in the intestinal
tissue nuclei. This binding is specific for 1,25-(OH)2^ since
the binding of the labeled sterol is diminished by an excess of
unlabeled sterol.

Autoradiographs Exposed 164 Days.
1. Sham propylene glycol treated animal:

No accumulation of silver

grains is evident in the propylene glycol treated control tissue
whether it is the nucleus or the cytoplasm of the intestinal
villus (A) and crypt (B) cells (Figure 21), or the nucleus or
cytoplasm of the cells of the thoracic muscle tissue (Figure 24)
The silver grains are randomly distributed. This longer expo
sure time results in poor resolution of the tissue subcellular
components.
2.

l,25-(OH)2(%)D3 treated animal; A striking concentration of

1,25-(OH)2 (^H)D3 plus 1,25-(0H)2d3 treated animal: This accum
lation of silver grains in the intestinal villus (A) and crypt
(B) cells is markedly reduced after treating chick with both
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labeled and unlabeled sterol (Figure 23). There is no concen
tration of silver grains in the nucleus and cytoplasm of the
cells of the thoracic nnascle tissue of the same animal
(Figure 25B).
4. Quantitative incorporation of 1 ,25-(0H)2(%)d3:

The number of

silver grains is increased with a longer exposure time in the
propylene glycol treated chick,

A significantly greater number

(80%) of silver grains is found in the nuclei of the intestine
villus and crypt cells than in the cytoplasm (Table 3) in the
rachitic chick treated with labeled sterol. The quantity of
silver grains in the intestinal villus and crypt cells is sig
nificantly decreased by 82% after treatment of chick with both
the labeled and the unlabeled sterol (Table 3). The number of
silver grains in the nucleus and the cytoplasm of the cells of
the thoracic muscle tissue from the 1,25-(0H)2( H)D3 and the
labeled and the unlabeled sterol chick are similar.

Hence, a longer exposure time results in inferior resolution of
the subcellular tissue components and a higher background of silver
grains.

A substantial number of silver grains are counted in the nuclei

of intestinal and crypt cells in labeled sterol treated animals. This
specific binding of labeled 1,25-(OH)283 is abolished when excess
unlabeled sterol is administered. The binding of 1,25-(OH)2^ in
intestinal cell nuclei is tissue specific, since this effect is not
observed in the cells of the thoracic muscle tissue. Thus, the
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Table 3.

Quantitative incorporation of 1>25-C0H)2C3H)D3 in the nuclear
and cytoplasmic fraction of intestine and thoracic muscle
tissue of rachitic chicks as determined by silver grain count
per unit area in dry-mount scintillation autoradiographs
exposed 164 days.

Three rachitic chicks were injected intracardially with propylene glycol,
or 0.165 yg of 1,25-(0H)2(^H)D3 or the same dose plus a 100-fold excess
of unlabeled 1,25-(OH)203- Two hours later, the tissue was flash frozen,
cut at 4 ym on a cryostat, freeze-dried, dry-mounted on a pre-coated
emulsion slide, exposed for 164 days, developed, and stained with
hematoxylin and eosin.

Tissue
Intestine

Propylene glycol

8.8±2.2 (crypt)
8.5±1.7 (villi)

10.3±2.6 (crypt)
11.2+2.5 (villi)

l,25-(OH)2(3H)D3

149.6±13.8^ (crypt)
147.1+14.0° (villi)

29.1±4.6C (crypt)
30.4±4.7° (villi)

1,25-(0H)2(3H)D3
plus 100-fold
excess unlabeled
1,25-(0H)2D3

25.3±3.5 (crypt)
25,5±3.2 (villi)

27.4±4.4 (crypt)
28.3±4.1 (villi)

Propylene glycol

3.4±1.4

10.6±2.5

l,25-(OH)2(3H)D3

4.8±1.7

24.0±4.5

1,25-^)2(^)03
plus 100-fold
excess unlabeled
l,25-(OH)2D3

4.8±1.3

24.7±4.2

Muscle

Grains in Nucleus
per Unit Areaa

Grains in
Cytoplasm per
Unit Area^

Hormone
Treatment

a.
2
Average grain count in 500 ym area ± standard deviation in 5 slides per
chick.
Significantly different from 1,25-(OH)2(^)03 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control (p < 0.001) and l,25-(OH)2(^H)D3 grains
in the cytoplasm (p < 0.001).
CNot

significantly different from 1,25-(OH)2(^^3 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control.
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autoradiographs, exposed for 164 days, demonstrate similar results to
earlier autoradiographs, exposed for 112 days.

Thaw-Mount Autoradiography
The thaw-mount procedure gives results similar to those obtained
with the dry-mount technique. There is less manipulation of the tissue
in the thaw-mount than in the dry-mount technique. The subcellular
resolution is inferior to the one obtained with the dry-mount technique.
As in the dry-mount procedure, the fluid is removed from the emulsion
prior to the application of the tissue by dipping pre-cleaned micro
scopic slides in heated liquid emulsion, drying slides overnight, and
dipping slides again in scintillation fluid (optional). Unlike drymount autoradiography, flash frozen tissue sections without freezedrying are applied to the emulsion pre-coated slides in the thaw-mount
technique. The thawing of the tissue sections may be accompanied by
some disruption of tissue structures and a limited amount of diffusion of
unbound labeled molecules. Since this is a wet technique, although the
moist state is brief, chemographic artifacts can occur.
Figures 26 through 35 are representative autoradiographs of the
thaw-mount autoradiographic technique, exposed for 157 days. Figures
26-30 represent autoradiographs with scintillation fluid.

Sham Propylene Glycol Treated Animal. The background is low in
the propylene glycol treated control villus (A) and crypt (B) cells of
the intestine of a rachitic chick. The autoradiographs are treated with
(Figure 26) or without (Figure 31) scintillation fluid.

A low
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Figure 26.

Thaw-mount scintillation autoradiographs of intestinal villi
(A) and crypt (B) cells from a propylene glycol treated
rachitic chick demonstrating sparsely distributed silver
grains (black dots) superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
187 days; stained with hematoxylin and eosin; X 1200.
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Figure 27.

Thaw-mount scintillation autoradiographs of intestinal villi
(A) and crypt (13) cells from a rachitic chick treated with
1,25-(0H)2(3H)d3 demonstrating a significantly greater
number of silver grains (black dots) superimposed over the
darkly stained nuclei than over the lightly stained cyto
plasm; exposure time was 187 days; stained with hematoxylin
and eosin; X 1200.
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Figure 28.

Thaw-mount scintillation autoradiographs of intestinal villi
CA) and crypt (B) cells from a rachitic chick treated with
l,25-(OH)2(3H)D3 plus a 100-fold excess of 1,25-(0H)2D3
demonstrating a significant decrease in the number of silver
grains (black dots) superimposed over the darkly stained
nuclei but not a decrease over the lightly stained cyto
plasm; exposure time was 187 days; stained with hematoxylin
and eosin; X 1200.
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Figure 29. Thaw-mount scintillation autoradiograph of thoracic muscle
tissue from a propylene glycol treated rachitic chick demon
strating sparsely distributed silver grains (black dots)
superimposed over the darkly stained nuclei and the lightly
stained cytoplasm; exposure time was 187 days; stained with
hematoxylin and eosin; X 1200.
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Figure 30.

Thaw-mount scintillation autoradiographs of thoracic muscle
tissue from a rachitic chick treated with l,25-(OH)2(3H)D3
(A), or 1,25-(0H)2(3H)D3 plus a 100-fold excess of unlabeled
1,25-(0H)2D3 (B) demonstrating sparsely distributed silver
grains (black dots) superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
187 days; stained with hematoxylin and eosin; X 1200.
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Figure 31.

Thaw-mount autoradiographs of intestinal villi (A) and crypt
(B) cells from propylene glycol treated rachitic chick
demonstrating sparsely distributed silver grains (black
dots) superimposed over the darkly stained nuclei and the
lightly stained cytoplasm; exposure time was 187 days;
stained with hematoxylin and eosin; X 1200.
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Figure 32.

Thaw-mount autoradiographs of intestinal villi (A) and crypt
(B) cells from a rachitic chick treated with 1,25-(OH)2(3H)D3
demonstrating a significantly greater number of silver
grains (black dots) superimposed over the darkly stained
nuclei than over the lightly stained cytoplasm; exposure
time was 187 days; stained with hematoxylin and eosin;
X 1200.

Figure 33.

Thaw-mount autoradiographs of intestinal villi (A) and crypt
(B) cells from a rachitic chick treated with l,25-(OH)2(3H)D3
plus a 100-fold excess of unlabeled l,25-(OH)2D3 demon
strating a significant decrease in the number of silver
grains (black dots) superimposed over the darkly stained
nuclei but not a decrease over the lightly stained cyto
plasm; exposure time was 187 days; stained with hematoxylin
and eosin; X 1200.

Figure 34.

Thaw-mount autoradiograph of thoracic muscle tissue from a
propylene glycol treated rachitic chick demonstrating
sparsely distributed silver grains (black dots) superimposed
over the darkly stained nuclei and the lightly stained cyto
plasm; exposure time was 187 days; stained with hematoxylin
and eosin; X 1200.
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Figure 35.

Thaw-mount autoradiographs of thoracic muscle tissue from a
rachitic chick treated with l,25-(OH)2(3H)Dg (A), or
1,25-(OH^fStODg plus a 100-fold excess of unlabeled
1,25-(0H)2D3 (B) demonstrating sparsely distributed silver
grains (black dots) superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
187 days; stained with hematoxylin and eosin; X 1200.
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background of silver grains is observed in the cells of the thoracic
muscle tissue from the same chick in both the autoradiographs with
(Figure 29) and without (Figure 34) the scintillation fluid. The silver
grains are randomly distributed in both the intestine and thoracic
muscle tissue.
3
l,25-(OH)2( H)D3 Treated Animal.

A substantial retention and

concentration of silver grains are seen in the autoradiographs of the
intestinal villus (A) and crypt (B) cells of rachitic chicks treated
with 1,25-(OH)2( H)Dg. The autoradiographs are similar whether in the
presence (Figure 27) or the absence (Figure 32) of scintillation fluid.
No localization of silver grains is observed in the cells of the
thoracic muscle tissue from the animal treated with the labeled sterol
with (Figure 30A) or without (Figure 35A) scintillation fluid.

1,25-(0H)2(^H)D3 Plus 1,25-(0H)2D3 Treated Animal. This concen
tration of silver grains is reduced in the intestinal nuclei of the
villus (A) and crypt (B) cells of the rachitic chick treated with both
l,25-(OH)2(3H)D3 and unlabeled 1,25-(0H)2D3. This reduction is observed
in the autoradiographs with (Figure 28) and without (Figure 33) scin
tillation fluid. The cells of the thoracic muscle tissue from the same
animal shows no localization of silver grains in the nucleus or the
cytoplasm in autoradiographs with (Figure 30B) or without (Figure 35B)
scintillation fluid.

Quantitative Incorporation of 1,25-(OH)2(^)03.

Eighty percent

of the silver grains are present in the nuclei of the villus and crypt
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cells of the intestine of the labeled sterol treated chick. This is
apparent in autoradiographs treated with and without scintillation fluid
(Tables 4 and 5). This accumulation of silver grains is decreased by
80% in the intestinal nuclei of the villus and crypt cells of the chick
treated with both labeled and unlabeled hormone. These results are
noted in both the autoradiographs with and without the scintillation
fluid (Tables 4 and 5). The presence of scintillation fluid increases
the number of silver grains only slightly in the intestinal tissue
exposed for 164 days at -20°C. There is no change in the silver grain
count in the nucleus and the cytoplasm of the cells of the thoracic
muscle tissue of the rachitic chick treated with labeled sterol, or both
labeled and unlabeled sterol.

This is also true whether the autoradio

graphs are treated with or without scintillation fluid (Tables 4 and 5).
Consequently, in the thaw-mount method, tissue damage and diffusion are
kept at a minimum. The inferior subcellular resolution is minimized,
and the chemographic images are few since the background is low. The
thaw-mount technique confirms the dry-mount technique by demonstrating
both qualitatively and quantitatively that the site of action of 1,25(OH^Dg is in the nucleus of the intestine cell. This binding is
specific, since it is reduced by excess unlabeled l,25-(OH)2D3 and is
not observed in the nucleus of the non-target thoracic muscle cells.

Dip-Coating Autoradiography
The dip-coating autoradiographic technique differs from the two
techniques above in that the fluids in the tissue and the photographic
emulsion are not removed; thus, the probability of translocation of the
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Table 4.

Quantitative incorporation of 1,25-(0H)2(3H)D3 in the nuclear
and cytoplasmic fraction of intestine and thoracic muscle
tissue of rachitic chicks as determined by silver grain count
per unit area in thaw-mount scintillation autoradiographs
exposed 187 days.

Three rachitic chicks were injected intracardially with propylene glycol,
or 0.165 yg of 1,25-(0H)2(3H)D3, or the same dose plus a 100-fold excess
of unlabeled 1,25-(0^303. Two hours later, the tissue was flash frozen,
cut at 4 ym on a cryostat, thaw-mounted on a pre-coated emulsion slide,
exposed for 187 days, developed, and stained with hematoxylin and eosin.

Tissue
Intestine

Propylene glycol

4.8±1.5 (crypt)
5.8±1.9 (villi)

7.9±1.7 (crypt)
10.4±2.0 (villi)

1,25-(0H)2(3H)D3

153.7±14.3p (crypt)
155.7±12.4 (villi)

30.9±3.9C (crypt)
33.3±4.0C (villi)

1,25-(OH)2(3H)D3
plus 100-fold
excess unlabeled
1,25-(0H)2D3

30.4±3.7 (crypt)
29.3+3.7 (villi)

34.5±3.4 (crypt)
37.7±4.5 (villi)

Propylene glycol

2.8±0.8

13.8±3.9

1,25-(0H)2(3H)D3

5.4±1.8

50.5±3.9

1,25-(0H)2(3H)D3
plus 100-fold
excess unlabeled
1,25-(0H)2D3

6.1±1.2

52.3±4.0

Muscle

Grains in Nucleus
per Unit Areaa

Grains in
Cytoplasm per
Unit Area^

Hormone
Treatment

a.
2
Average grain count in 500 pm area ± standard deviation in 5 slides per
chick.
^Significantly different from 1,25-(OH)2(^)^3 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control (p < 0.001) and 1,25-(0H)2(3H)D3 grains
in the cytoplasm (p < 0.001).
°Significantly different from 1,25-(OH)2(^)03 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control.
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Table 5. Quantitative incorporation of 1,25-(OH)2(^)03 in the nuclear
and cytoplasmic fraction of intestine and thoracic muscle
tissue of rachitic chicks as determined by silver grain count
per unit area in thaw-mount autoradiographs exposed 187 days.
Three rachitic chicks were injected intracardially with propylene glycol,
or 0.165 ug of 1,25-(0H)2(3H)D3, or the same dose plus a 100-fold excess
of unlabeled 1,25-(0H)2D3. Two hours later, the tissue was flash frozen,
cut at 4 ym on a cryostat, thaw-mounted on a pre-coated emulsion slide,
exposed for 187 days, developed, and stained with hematoxylin and eosin.

Tissue
Intestine

Muscle

Hormone
Treatment

Grains in Nucleus
per Unit Area3

Grains in
Cytoplasm per
Unit Areaa

Propylene glycol

4.2±1.7 (crypt)
4.1±1.7 (villi)

5.8+2.3 (crypt)
6.9+1.8 (villi)

1,25-(0H)2(3H)D3

148.8±14.4? (crypt)
147.6±15.9 (villi)

30.9+7.3C (crypt)
31.9+6.5° (villi)

1,25-(0H)2(3H)D3
plus 100-fold
excess unlabeled
1,25-(0H)2D3

28.3±3.4 (crypt)
29.6+4.1 (villi)

31.5±4.6 (crypt)
32.1±4.6 (villi)

Propylene glycol

2.0+0.7

8,8±1.6

1,25-(OH)2(^)03

4.6+1.7

37.2±4.5

l^S-COHW^D*
plus 100-fold
excess unlabeled
1,25-(0H)2D3

5.04±1.3

36.5+5.1

2
Average grain count in 500 ym area ± standard deviation in 5 slides per
chick.

a

Significantly different from 1,25-(OH)2(^)^3 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control (p < 0.001) and 1,25-(OH)2(^)03 grains
in the cytoplasm (p < 0.001).
CNot

significantly different from 1,25-(0H)2(^H)D3 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control.
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labeled compound in the tissue is increased.

Although there is less

manipulation of the tissue and the emulsion in this procedure, there is
still a slight loss in the resolution of the subcellular tissue compo
nents. This is due, perhaps, to the autolysis of the cells in their
watery environment. Figures 36 through 40 are representative autoradiographs of the dip-coating technique.

Tissues were exposed for 157 days.

Sham Propylene Glycol Treated Animal.

Silver grains in the

autoradiographs of the propylene glycol treated control chick are
sparsely distributed over the nuclei and the cytoplasm of the intestinal
villus (A) and crypt (B) cells (Figure 36) and over the nuclei and the
cytoplasm of the thoracic muscle cells (Figure 39).

1,25-(0H)2(^H)D3 Treated Animal.

A generous accumulation of

silver grains is clearly observed in the intestinal villus (A) and crypt
(B) cells'(Figure 37) of the labeled sterol hormone treated chick. This
effect is lacking in the same chick in the cytoplasm of the intestinal
villus (A) and crypt (B) cells and both the nucleus and the cytoplasm of
the thoracic muscle cells (Figure 40A).

1,25-(0H)2 (3H)d3 Plus 1,25-(0H)2d3 Treated Animal.

When both

the labeled and unlabeled sterol are administered to the chick, there is
a decline in the concentrated binding in the nuclei of the intestinal
villus (A) and crypt (B) cells. No change in the distribution pattern
of the silver grains is evident in the nuclei and the cytoplasm of the
cells of the thoracic muscle tissue of the same animal.
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Figure 36.

Dip-coating autoradiographs of intestinal villi (A) and
crypt (B) cells from a propylene glycol treated rachitic
chick demonstrating sparsely distributed silver grains
(black dots) superimposed over the darkly stained nuclei and
the lightly stained cytoplasm; exposure time was 157 days;
stained with hematoxylin and eosin; X 1200.

Figure 37.

Dip-coating autoradiographs of intestinal villi (A) and
crypt (B) cells from a rachitic chick treated with
1,25-C0H)2(3H)D3 demonstrating a significantly greater
number of silver grains (black dots) superimposed over the
darkly stained nuclei than over the lightly stained cyto
plasm; exposure time was 157 days; stained with hematoxylin
and eosin; X 1200.

Figure 38.

Dip-coating autoradiography of intestinal villi (A) and
crypt (B) cells from a rachitic chick treated with
1,25-(0H)2(3H)D3 plus a 100-fold excess of unlabeled
1,2S-C0H)2D3 demonstrating a significant decrease in the
number of silver grains (black dots) superimposed over the
darkly stained nuclei but not a decrease over the lightly
stained cytoplasm; exposure time was 157 days; stained with
hematoxylin and eosin; X 1200.
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Figure 39.

Dip-coating autoradiograph of thoracic muscle tissue from a
propylene glycol treated rachitic chick demonstrating
sparsely distributed silver grains (black dots) superimposed
over the darkly stained nuclei and the lightly stained cyto
plasm; exposure time was 157 days; stained with hematoxylin
and eosin; X 1200.
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Figure 40. Dip-coating autoradiographs of thoracic muscle tissue from a
rachitic chick treated with 1,25-00^2(^)03 (A)t or
1,25-(0H)2(^H)D3 plus a 100-fold excess of unlabeled
1,25-(0H)2D3 (B) demonstrating sparsely distributed silver
grains (black dots) superimposed over the darkly stained
nuclei and the lightly stained cytoplasm; exposure time was
157 days; stained with hematoxylin and eosin; X 1200.
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Quantitative Incorporation of 1,25-(0H)2D3.

A quantitation of

the silver grains reveals 73% of the silver grains in the intestine
villus and crypt cells (Table 6) in the l,25-(OH)2(^H)D2 treated chick.
This preferential binding is decreased significantly (88%) in the nuclei
of the intestinal villus and crypt cells in the chick treated with both
l^S-COH^C^HjDg and excess l^S-COH^Dg (Table 6). There is also a
decrease in the number of silver grains in the cytoplasm of the
intestinal villus and crypt cells (Table 6). This may indicate some
specific binding sites still present in the cytoplasm. The number of
silver grains in the nuclei and the cytoplasm of the thoracic muscle
tissue remains unchanged in the labeled sterol or the labeled and
unlabeled sterol treated animals.
Consequently, the dip-coating technique may be used to demon
strate the site of action of the active vitamin D metabolite in the
nuclei of its target intestinal tissue. However, there is some trans
location of the labeled compound and the quality of the resolution of
the subcellular tissue components is reduced.

In any event, all three

techniques demonstrate the nucleus as the site of action of 1,25-(OH)
in the intestinal target tissue.
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Table 6. Quantitative incorporation of 1,25-(OH)2(^)^3 in the nuclear
and cytoplasmic fraction of intestine and thoracic muscle
tissue of rachitic chicks as determined by silver grain count
per unit area in dip-coating autoradiographs exposed 157 days.
Three rachitic chicks were injected intracardially with propylene
or 0.165 yg of 1,25-(OH)2(^)03, or the same dose plus a 100-fold
of unlabeled 1,25-(0^)203. Two hours later, the tissue was flash
cut at 4 p on a cryostat, dip-coated in liquid emulsion, exposed
days, developed, and stained with hematoxylin and eosin.

Grains in Nucleus
per Unit Areaa

glycol,
excess
frozen,
for 157

Grains in
Cytoplasm per
Unit Areaa

Tissue

Hormone
Treatment

Intestine

Propylene glycol

11.8±3.0 (crypt)
10.4+2.3 (villi)

12.7±3.2 (crypt)
12.1+1.8 (villi)

1,25-(OH)2(^)03

204.3±15.2? (crypt)
201.4±11.6 (villi)

54.1±3.4^ (crypt)
55.2±3.9 (villi)

1,25-(OH)2(^03
plus 100-fold
excess unlabeled
l,25-(OH)2D3

43.2±8.3 (crypt)
46.0±6.9 (villi)

54.1±3.4 (crypt)
53.4±7.0 (villi)

Propylene glycol

3.0±1.0

13.2±2.0

1,25-(OH)2(^)03

11.4+1.9

47.0±5.1

1,25-(OH)2(^)03
plus 100-fold
excess unlabeled
1,25-(0H)2D3

12.9±2.7

46.1±5.8

Muscle

a
2
Average grain count in 500 wm area ± standard deviation in 5 slides per
chick.
Significantly different from 1,25-(OH)2(^)03 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control (p < 0.001) and 1,25-(0H)2(^H)D3 grains
in the cytoplasm (p < 0.001).
°Significantly different from 1,25-(0H)2(^H)D3 plus 100-fold excess
unlabeled 1,25-(0H)2D3 control.

CHAPTER 4

DISCUSSION

The experiments in this dissertation have been designed to
elucidate the site of action of 1,25-COH) D

2. 5

in its intestinal target

tissue. The examination of subcellular distribution in the target
tissue of 1,25-(OH)administered to rachitic chicks provides data
concerning the site of function of the active metabolite of vitamin D.
This is based on the principle that l^S-fOH^Dg binds to specific
receptors which selectively retain the hormone. Previous biochemical
studies have shown, quite elegately, that 1,25-(OH)2^3

ta^en

retained in the nucleus, more specifically in the chromatin.

up

an^

However,

absolutely purified intestinal nuclei, free of contaminating cellular
debris, are not available to test for the presence of l^S-COH^D^
solely in the nuclear fraction. Thus, the nuclear localization of
l,25-(0H)2Dj may be an artifact of biochemical manipulation. Therefore,
another independent technique, namely autoradiography, was developed to
show that the nucleus is the site of action of 1,25-(0H)2D3.

In order

to perform these studies, certain prerequisites must be satisfied.
First, an experimental animal which is devoid of endogenous vitamin D is
required.

In this system, the binding sites for l^S-COH^D^ are avail

able not only for binding and retention of radioactive hormone but for
detection either by biochemical or autoradiographic methods. The
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preferred animal is the chick, which is readily made vitamin D-deficient
and develops the classic symptoms of rickets after being maintained
three weeks on a rachitogenic diet [56]. In contrast, the rat does not
develop rickets unless the ratio of calcium to phosphorus in the diet is
3

drastically altered [133]. Second, radiochemically pure 1,25-(0H)2( H)D3
of high specific activity in sufficient quantity is essential. This
permits the use of physiological doses of 1,25-(0H)2D3 and also deter
mines the exposure time and detection of l,25-fOH)2D3 in the autoradiographs. This active metabolite is prepared in vitro by incubating the
precursor sterol, 25-0HD3, with kidney homogenate from D-deficient
chicks, which have high levels of 25-hydroxyvitamin D-la-hydroxylase
activity. Therefore, 25-0HD3 is converted effectively to 1,25-(0H)2D3.
Purification of 1,25-C0H)2D3 can be performed by column chromatography
on silicic acid, Sephadex LH-20, and Celite. Third, the specific
activity of 1,25-(0H)2D3 as compared to other steroids used in auto
radiography is low.

Therefore, the use of scintillation fluid is neces

sary to visualize the 1,25-C0H)2D3 as exposed silver grains in the
autoradiographs. Fourth, a suitable method for autoradiography must be
established to identify the site of action of 1,25-(0H)2D3. Since the
steroids are diffusible compounds, special prerequisites which remove
all fluids are required for tissue and emulsion preparation to produce
interpretable autoradiographs.

These prerequisites also include a pure

and stable radiochemically 1,25-(0H)2D3 compound with a high specific
activity which, when administered in physiological dose, yields good
resolution of the specific localization of 1,25-(0H)2D3 in
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autoradiographs of target tissue. A recommended autoradiographic tech
nique for diffusible compounds was tested prior to performing autoradi
ography on the above compound.
Three autoradiographic methods are used in this study. Two of
the methods, dry- and thaw-mount, are acceptable for autoradiography of
diffusible compounds. The third method, dip-coating autoradiography, is
unacceptable since it does not require the exclusion of fluids either
from the tissue or the autoradiographic emulsion. This may result in
translocation of the labeled compound in the biological preparation,
thus making the results more difficult to interpret.

For the light

microscopic localization of steroid hormones and other diffusible com
pounds, dry-mount autoradiography appears to be superior to both thawmount and dip-coating autoradiographic techniques, from the viewpoint of
preservation of the labeled compounds at their original sites in the
tissue as well as the resolution of the autoradiographs.

In the dry-

mount technique, the observation of optimal conditions for the cutting
of thin tissue sections, the maintenance of low temperatures, proper
freeze-drying, the exclusion of high humidity after freeze-drying, and
the removal of fluid from the autoradiographic emulsion are all essen
tial. This procedure is time-consuming and chemographic images may be
present from the mechanical pressure created during the application of
the tissue to the pre-dried emulsion coated slide. The appearance and
extent of pressure artifacts can be recognized in control sections with
out radioactivity. The thaw-mount procedure requires less time than the
dry-mount technique since the freeze-drying is excluded and the mounting
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of sections is simplified.

But this technique does require more skill

and patience in applying the frozen tissue to the pre-desiccated emul
sion coated slide.

The wet interaction between tissue and emulsion

necessitates the need to control chemographic artifacts.

The melting of

the frozen tissue may cause varying degrees of diffusion depending on
the compound and the thickness of the tissue sections. Therefore, the
dry-mount technique is a recommended control for the validation of the
thaw-mount technique.

The effectiveness of the thaw- and dry-mount

techniques was tested by repeating the demonstration of estradiol
localized in the nucleus of its uterine target organ [123].
Both in vivo and dm vitro models were considered for the demon
stration of l,25-(OH)2D3 in its intestinal target tissue.

While the in

vivo system uses more of the precious supply of radioactive sterol, it
shows best the regulation of the steroid. The hormone is administered
intracardially and travels to and from its target tissue via the blood
stream. The bloodstream will help regulate, more efficiently, the
amount of hormone available to the intestinal tissue and remove the
excess steroid.

The optimal time and dose for the hormone were deter

mined for the maximum amount of l,25-CCH)2Dg localized in the intestinal
mucosa chromatin fraction.

Although saturation of the chromatin with

l^S-COH^Dg is not obtained in the in vivo system, it is obtained in
the in vitro system. The non-specific uptake of the hormone is much
less in the in vivo system than in the in vitro system. This is impor
tant for the visualization of 1,25-(OH)2^ in the nuclear fraction of
the intestinal tissue.

In contrast, the in vitro system creates more
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problems.

Less steroid diffuses into the intestine tissue and the

excess exogenous sterol is harder to wash out of the tissue; thus,
background silver grains are increased in autoradiographs.

However,

the in_ vitro system is adequate for perfecting the autoradiographic
techniques.

In utilizing this system, not only did silver grains appear

in the nucleus of the autoradiographs but also less sterol and less time
are required for tissue preparation.

Thus, the in vitro system is most

valuable in the development of these autoradiographic techniques.
The intestine, thoracic muscle, and liver tissue of the rachitic
chicks dosed with labeled 1,25-(OH)2^, or labeled 1,25-(OH)2^ plus
excess unlabeled 1,25-(OH)2^, or vehicle alone (propylene glycol) are
prepared for autoradiography.

After flash freezing, the morphological

structure of the cellular components of the intestine, thoracic muscle,
and liver tissue are well-preserved.

No ice-crystal formation appears

to have occurred during the cutting and freeze-drying procedure.

After

4-6 months, the autoradiographs are developed, stained, and examined
microscopically for distribution and quantitation of silver grains. The
dry-mount autoradiographs exposed for 112 days at -20°C gave the fol
lowing results. The sham propylene glycol injected chick had very few
silver grains sparsely distributed over the intestine, muscle, and liver
cells. Therefore, the chemographic artifacts which result from mechani
cal pressure or tissue-emulsion interaction are minimum.
graphs from the chick injected with labeled 1,25-(0H)

The autoradio
revealed visual

evidence for the localization of 1,25-(OH)2^ in the nuclei of the
villus and crypt cells of the intestine. These autoradiographs also
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demonstrated, quantitatively, that the uptake of the steroid is signifi
cantly greater in the intestinal nucleus than in the intestinal cyto
plasm, or in both the nuclear and cytoplasmic cellular components of the
liver and thoracic muscle tissue of the same animal.

Consequently, this

preferential nuclear accumulation of 1,25-(OH)2^ is tissue specific.
The rachitic chick injected with labeled 1,25-(OH)2^ plus unlabeled
1,25-(OH)shows no accumulation of silver grains in the nucleus or
cytoplasm of the crypt and villus cells of the intestine tissue

or in

the nuclear and cytoplasmic cellular components of the liver and
thoracic muscle tissue.

Quantitatively, the silver grain count is sig

nificantly reduced in the nuclei of the intestine crypt and villus
cells. The intestinal cytoplasmic and the nuclear and sacroplasmic
cellular components of the thoracic muscle tissue silver grain count are
similar in both the labeled hormone and the labeled plus excess
unlabeled hormone treated chick.

Hence, the binding of 1,25-(OH)

in

the intestinal nucleus is specific for 1,25-(0H)2D3.
The above data are in accord with the biochemical results from
the intestinal chromatin prepared on the same intestinal tissue used for
the autoradiographic studies.

The labeled 1,25-(OH)2^ is significantly

incorporated into the chromatin and this accumulation of sterol is sig
nificantly reduced when excess unlabeled l^S^OH^D^ is present.
Virtually all of the chromatin associated radioactivity is 1,25-(0H)2D3
[82].

Thus, this independent autoradiographic method confirms the bio

chemical data, that the nucleus is the site of action of 1,25-(0H)2D3.

110

When the dry-mount autoradiographs are exposed for 164 days, as
expected, a longer exposure time produces more silver grains in the
cellular components as well as inferior resolution of tissue morphology
and a higher background of silver grains.

Nevertheless, the results for

the 112 and 164 days exposure time periods were similar.
The thaw-mount autoradiographic method, whether scintillation
fluid is present or absent, rendered results similar to those of the
t

dry-mount technique.

Although the subcellular resolution of the thaw-

mount autoradiographs are usually found to be inferior to those of the
dry-mount [107], in this study the thaw-mount autoradiographs exposed
for 187 days are better than those exposed for 164 days and as good as
those exposed for 112 days.

Nuclear localization was evident in the

intestinal nuclei, but was absent in the intestinal cytoplasm and also
in the nuclear and sarcoplasmic cellular components of the thoracic
muscle tissue of the chick treated with labeled sterol. This effect was
also confirmed in the quantitative analysis of the silver grain count of
the same tissue. The nuclear binding of l^S-fOH^Dg in the intestine is
specific since it is eliminated by excess unlabeled l,25-(0H)2Dg in the
intestinal nuclei but not the intestinal cytoplasm nor the nucleus and
sarcoplasm of the thoracic muscle cells.
The dip-coating autoradiographic technique, in spite of the
translocation of the labeled sterol, showed both quantitatively and
qualitatively nuclear localization of the labeled active vitamin D
metabolite in the intestine. The accumulation of the labeled sterol was
reduced by excess unlabeled sterol in the nuclei of intestinal cells but
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not in the intestinal cytoplasm

or in the nuclei and sarcoplasm of the

cells of the thoracic muscle tissue of the same animal. Thus, both the
acceptable techniques, dry- and thaw-mount, for the autoradiography of
diffusible compounds as well as the dip-coating method demonstrate the
site of action of 1,25-C0H]2D3 as the nuclear fraction of the intestinal
cell.
This dissertation is the first report of a novel combination of
scintillation and dry-mount autoradiography and also scintillation and
thaw-mount autoradiography for the localization of diffusible compounds
in biological preparations.

The scintillation fluid, which aids in the

amplification of the number of silver grains in the autoradiographs,
tends to decrease the resolution of the silver grains superimposed over
the cellular components, thus making quantitation of the silver grains
difficult.

It also increases the background in autoradiographs but this

can be minimized by exposing the autoradiographs at low temperatures.
Nevertheless, the use of scintillation fluid was imperative in the drymount autoradiographic procedure, because the visualization of the
silver grains would have been impossible at the earlier exposure time
periods.

Autoradiographs without scintillation fluid, prepared at the

same time as autoradiographs with scintillation fluid, show no localiza
tion of silver grains in the intestinal nuclei (data not shown). Thus,
the scintillation fluid is essential for the demonstration of the
nuclear site of action of the sterol in the dry-mount autoradiographs
exposed for a short period of time.

However, the scintillation fluid is

not required for the thaw-mount autoradiographs. Perhaps, this is due
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to the longer exposure time period of these autoradiographs. Even in
the dry-mount autoradiographs without scintillation fluid, the localiza
tion of the sterol in the intestinal nuclei is evident (data not shown).
Although this is the first report of a novel combination of
scintillation and both thaw- and dry-mount autoradiography, this is not
the first report of the retention of l^S-COH^Dg in the nuclei of
intestinal cells.

Recently, Zile et al. [134] demonstrated autoradio-

graphically the localization of labeled l^S-COH^Dg in the nuclei of
intestinal villus and crypt cells.

No effort was made to eliminate

liquids which cause translocation of steroid compounds.

There was also

no demonstration of a decrease, whether qualitatively or quantitatively,
in the number of silver grains in the intestinal nuclei cells after
administration of excess unlabeled in addition to labeled hormone; thus,
the specific binding of 1,25-(OH)to the intestinal nuclei was not
shown. Ziles' report does confirm the site of action of l^S-COH^D^ is
at the nuclear level in the intestine as demonstrated by dip-coating
autoradiography.
In two recent autoradiographic studies by Wezeman [135] and
Favus and Wezeman [136], the areas of mineralization in bone are
reported as the binding sites for 25-OHDg in the bone and cartilage and
for l^S-COH^Dg in the bone of growing rats. This is the first histo
logical evidence reported on the effect of 25-OHDg and 1,25-(OH)in
bone, especially in the epiphyseal growth plate undergoing endochondrial
ossification (a site of active mineralization and mineral mobilization).
In both studies, the bone tissue is processed in organic solvents before
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the photographic emulsion is applied to the slide, resulting in the
possibility of translocation.

In the first study [135], no excess

unlabeled 25-OHD^ is used to determine the specificity of the binding of
25-OHD^; hence, the localized vitamin D metabolite may be predominately
25-0HD3, or l^S-COH^D^, or both, or some other metabolite.

In the

second study [136], evidence is reported for specific binding of 1,25(OH^Dg in the bone cells of rats. Preparation of bone tissue by using
standard histological techniques for autoradiography can be circum
vented, by using bone tissue from chicks from unhatched eggs. The bone
is soft and can be cut on a cryostat, thus eliminating the need for
decalcifying agents and for organic solvents to process the bone tissue.
In this dissertation, the localization of l^S-COH^D^ in the
nuclei of intestinal cells is demonstrated quite clearly; however, the
number of animals used in this experiment was only 1 per group (shamcontrol, control, and experimental).

Because of the limited amount of

sterol for experimentation, the number of animals used is small.
Although few animals are used, both in vitro and in vivo vitamin Dtarget pilot experiments plus the classic demonstration of estradiol
localized in its uterine target tissue were used to perfect the auto
radiographic technique and to confirm its validity for the detection and
distribution of a labeled sterol in its target tissue.

In spite of the

low number of animals used in this experiment, localization of 1,25in the nucleus of the intestine of a rachitic chick is demon
strated by three different autoradiographic techniques.
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Due to the low specific activity (11.2 Ci/mmole) of 1,25-(0H)2D3
used in this study, as compared to other steroids used in autoradiog
raphy studies, long exposure times are employed. This not only limits
the number of experiments that can be performed but also, the longer the
exposure time needed, the greater the possibility of latent image fading
that will occur.

Latent image fading is the partial or total elimina

tion (negative chemography) of silver grains in autoradiographs. This
can be tested by exposing autoradiographs to light prior to exposing the
autoradiographs in the dark.

Upon development of the slides, the auto

radiographs will be black except for light areas representing latent
image fading. Each of the autoradiographic techniques used in this
study shows partial latent image fading (data not shown). This is
expected due to the use of unfixed tissues and to the long exposure
times. In contrast, spurious silver grains (positive chemography) are
found in autoradiographs due to interaction of tissue-emulsion as seen
in the thaw-mount and dip-coating techniques and to the mechanical pres
sure used in the application of the freeze-dried tissue to the precoated emulsion slides in the dry-mount autoradiography technique.
These spurious silver grains are few and sparsely distributed in the
autoradiographs. Both of these chemographic artifacts were tested for
in the tissue from the sham propylene glycol injected chick.
The unavailability of l^S-COH)^^ with a high specific activity
made it impossible to demonstrate the site of action of other vitamin D
target organs such as the parathyroid glands [137,138] and possibly new
target sites for vitamin D. In this study, it was not possible to show
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localization of 1,25-(OH)2^ in the nucleus of the parathyroid glands.
DeLuca [139] was unable to demonstrate nuclear localization in the para
thyroids in spite of using 1,25-(OH)2^ with a specific activity of
78 Ci/mmole. Since the parathyroid glands have a lower concentration of
specific receptors for l^S-COH^Dg* the scintillation thaw-mount or the
scintillation dry-mount autoradiographic technique plus 1,25-(OH)2^
with a specific activity of 78 or 94 Ci/mmole might be employed in the
future to demonstrate this localization in the parathyroid glands.
These new autoradiographic techniques may be modified and
applied to electron microscopic autoradiography for the identification
of 1,25-(OH)2^ in the subcellular structures of the nucleus of its
target tissue.

High sensitive emulsions and very thin tissue sections

can be obtained in order to make high resolution autoradiographic tech
nique possible.
Perhaps a modification of a new technique involving the auto
radiography of cultured cells [140] may be applied to the vitamin Dtarget cell system.

Vitamin D target tissue can be labeled under physio

logical conditions and subsequently dissociated to yield cells that are
placed on cover slips and the fluid blotted dry. This cover slip with
cells can be applied to emulsion coated slides with or without scintilla
tion fluid.

The slide with cells is frozen and remains frozen through

out the exposure time period.

No tissue sectioning is required, back

ground is minimized at a low temperature, and the diffusion artifacts
are reduced.

Numerous experiments can be performed such as testing

various time and temperature effects on the uptake of 1,25-(OH)2^ or
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testing sterol specificity on vitamin D target tissue.

A tissue culture

autoradographic method developed by Chafouleas [141] can be modified and
applied to the vitamin D-intestinal target tissue system in order to
demonstrate the location of 1,25-(OH)2^ at the level of the chromosome.
This tissue culture system allows less limitations than in the whole
tissue organ culture system.

A continual source of actively growing

cells of large numbers from the same origin can be obtained for use in a
multitude of experiments. After characterization of the binding of
1,25-(OH)2D^ in the normal vitamin D target tissue, this technique could
be applied to vitamin D-related diseases, such as vitamin D-resistant
rickets.

A conparison of uptake and distribution of l^S-COH^Dj can be

made on the chromosomes from a normal and vitamin D-resistant rickets
tissue to ascertain a possible explanation for the cause of this genetic
disease.
Thus, these newly developed autoradiographic techniques can be
used: 1) to demonstrate the presence and distribution of l^S-fCJH^Dj
in known vitamin D target tissue, such as parathyroid glands and bone or
possible new vitamin D target tissue such as brain, pituitary, or
pancreas; 2) to study the binding of non-hormonal lipid soluble com
pounds such as vitamin K; and 3) to be adapted to tissue or cell culture
autoradiographic techniques to demonstrate the site of action of steroid
hormones.
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