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ZUIMARY

The precess of calcium transport across the small intestine
of the chick was studied by in vive and ip yitze techniques. Some
characteristics of in vityo transport differed froa the natural process.
The site of calcium sbsorption was determined with rachitic and vitamin
03-tl'ot‘tod chicks. Rachitic chicks given 100 I.U. vitamin 03 by mouth
16 hours previously showed a marked lmprovement ia calcium absorption
and similar amounts of calclum were absorbed along the whole of the
small intestine i viyp. With everted gut sacs, however, the distal
one-third of the small intestine transported mich mors calcium than
the duodenal and middle sections.

On an equal welght baslis, vitamin 02 had little activity in
the chick, but dihydrotachystersl series 2 and dihydrotachysterel serles 3
wore almost as active as vitamin 03 for calcium transport. An immediate
effoct of vitamin D, was not seen elther ig vive or in vitre. A
ainisue time period of 4 hours was required. It was postulated, that
the delay was caused by the formation of an active calcium carrier
together with its subsequent accumilation at the site of calcium trans—
port.

The influence of certain adrenal and synthetic stereids en
calcium absorption was tested in rachitic and vitamin D3~tuatod chicks.
Long-term administration of cortisel or ll-deoxycorticostarene interfered
with the enhancement of calcium transport generally brought sbout by
vitsnin D,. The sterolds had no effect on the absorption by\nchltic
chicks. The inhibitory effect was not a direct antagonism of vitamin

1

53 action, as cortisol, A -cortisol and ll-deoxycorticosterone enhanced



the effect of vitamin D, when the steroids were injected intra-
cardially 1 hour before the test.

The observations with long-tera administration of cortisol
and ll-deoxycorticosterone could be correlated with interference of
adrenal function. Evidence from the use of 1-(2-chlerophenyl)~l-
(4~chlorophenyl)~2,2-dichloreethane, a specific inhibitor of the adrenal
cortex, indicated the importance of the adrenal gland in calcium _
aetabolism. This substance, when fed for 3 days prior to the test,
eliminated calcium transport usually brought sbout by vitamin 03.

#hen the mechanism of calclum transport was investigated, the
evidence suggested that calciuam transport under the influsnce of vitamin
D3 was an sctive precess. From studies with metabelic imhibiters, it
was deduced that the jp vitrp energy for the process was derived mainly
from glycelysis, with oxidative phosphorylation contributing te only a
sasll extent, Energy for calcium absorption in viwp did not appear
dependent upon either of these sources. A schame was pestulated to
explain active calcium transport. A carrier mechanlsa was suggested.

A number of tissues and tissue fluids from vitamin D -treated
chicks were examined for the presence of activa carrier material.
However, the isolation and identification of such material was not
successful, A calcium complex was prepared from cholesterel, but
this complex could not be identified as the calcium chelate of ketonoz.,o
nor was it found to be biologically active in the rachitic chick. The
proposed nature of the calclum carrier, bellieved %o be derived from
vitamin l.'i3 by a transformation in the adrenal cortex, was discucsed.
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INTRODUCTION
Calcium is quantitatively an important inorganic element in

the body, being one of the principal mineral constituents of the skeleton.
Mitchell, Hamllton, Steggerda and Bean (1945) have shown that 99% of the
total body calcium is contained in the skeleton and teeth, Although
there are many factors involved which can influence calcium absorption,
Nicolaysen, Eeg-Larsen and Malm (1953) have described vitamin D as

"the most dominating single factor concerned in the regulation of the
absorption of calcium®,

A deficlency of vitamin D causes the disease known as rickets,
This disease is characterised by an inadequate calcification of bony
structures together with a number of marked biochemical abnormalities,
Until the early part of this century, although the disease had become
well defined from a pathological standpoint, 1ittle progress had been
made in the isolation of the antirachitic substances present in the
natural products commonly used for remedial purposes. Monographs by
Korenchevsky (1922) and Hess (1929) summarise the knowledge gained from
early metabolic studies on the aetiolegy of rickets.

In 1921, the now classical investigations by Mellanby
demonstrated that rickets could be produced experimentally in puppies
and subsequently cured by the feeding of cod-liver oil. McCollum,
Simmonds, Shipley and Park (1921) were among the first to induce rickets
in rats and in 1922, McCollum, Simmonds, Becker and Shipley found that
the antirachitic properties of cod-liver o0il were quite distinct from
the vitamin A antixerophthalmic preperties which were also present,
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They later termed this substance vitamin D (McCellum, Simmends, Becker
and Shipley, 1925).
Irradiation of foodstuffs was also knewn to produce antirachitic
substances and, in 1931, vitamin 92 was iselated in a pure state as an
irradiation preduct of ergestersl (Askew, Bruce, Callew, Philpot and

Webster, 1931: Windaus, 1931 a, b). Vitamin D, has since been crystallised

2
frem ced-liver oil (Brockmann and Busse,1938). Fellewing the iselatien

of vitamin D, came the subsequent realisatién that this vitamin was net

2
the main cemponent of ced-liver oil but that another form ef the vit-
amin existed with potent antirachitic properties. Eventually Schenck
(1937) managed to crystallise this compound, now knewn as vitamin D,s
follewing irradlation of the vitamin precursor, 7-dehydrechelesteresl.
Boeth these vitamins possess an equal antirachitic botency

(40,000 1.U./mng.) fer rats and humans (Smith, Glynn, Wilkinson and Peevers,
1943). In chicks, although the potency of vitamin D, is the same as in

humans, vitamin D, is much less potent (Bills, 1935). The history and

2
chemistry of the vitamin D group have recently been adequately reviewed
by Bills (1954).

Use of rats chicks in calcium Studies,

The majority of investigators have preferred to use rats in
their attempts to study disturbances in calcium metabolism. These animals
are not always ideasl subjects fer w;rk of this nature, as recently pointed
out by Gershoff and Hegsted (1956). Clearly defined rickets in rats can
only be produced by altering the levels of calcium and phesphorus in a
vitamin D-deficient dlet. The respense to vitamin D may then differ

according to the type of diet empleyed (Reed, Struck and Steck, 1939),
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especially if these diets are severely unbalanced with regard to their
CatP ratio (Day and McCellum, 19395 Schneider and Steenbock, 1939),
Under these conditions, it has even been suggested that a vitamin D
deficiency is not necessarily a prerequisite to disturbed calcification
(Coleman, Becks, Kohl and Copp, 1950). Even without the abnormalities
of the calcium and phosphorus content of the diet, however, Harrison,
Harrison and Park (1958) claim that a vitamin D deficiency does produce
biochemical abnormalities in the rat which can readily be corrected by
the feeding of vitamin D,

In contrast to rats, chicks deficient in vitamin D can become
rachitic at the usual dietary calcium and phosphorus levels, and they
are extremely responsive to vitamin D treatment. Migicovsky and Emslie
(1947) demonstrated that vitamin D could still influence calcium absorp-
tion, despite variations in the dietary Ca:P ratios. However, early
investigations indicated that an alteration of these ratios could contol
the severity of the rickets produced (Bethke, Kennard, Kick and Zinzalion,
19295 Hart, Scott, Kline and Halpin, 19303 Nowotarski and Bird, 1943),
Ihe nature of the vitamin D effect

The action of vitamin D in increasing calcium absorption from
the intestine was established during early investigations by Telfer
(1926~27). Since then, numerous workers have studied this aspect.
Harris and Innes (1931) were the first to postulate that the action of
vitamin D was to increase the net absorption of calcium and phosphorus
from the intestine.

Nicolaysen (1937 a, b) suggested that vitamin D acted specifically

on calcium absorption and that the movement of phosphorus was thereby
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indirectly affecteds Clinical observations in man further confirm
these findings (Albright and Sulkowitch, 1938)., These studies were
mainly in the nature of balance experiments, as there were no means of
distinguishing between absorption from and excretion inte the digestive
tract.

With the availability of radioactive calcium and the intro-
duction of tracer techniques came an era of rapid progress. Greenberg
(1945) using Ca45 lactate soclutions demonstrated that vitamin D net only
increased the intestinal absorption of calcium but also appeared to exert
a direct effect on the mineralisation of bones in rachitic rats.
Migicovsky and Emslie (1949-50) were unable to substantiate these findings
in chicks. They studied the effects of oral and intramuscular administration
of CaﬁCl2 to rachitic and non-rachitic chicks and cencluded that, although
vitamin D given by mouth affected the absorption and excretion of calcium,
there was no evidence to suggest a direct effect on the mineralisation of
bone when the isetope was injected intramuscularly. Although criticism
has been levelled at the assessment of these results (Underwood, Fisch
and Hodge, 1951), Migicovsky and Nielson (1951) confirmed these earlier
findings and further suggested that the amount of radieactivity appearing
in the tibia after a certain time interval was an accurate estimation of
the absorption rate. This estimate was regarded as a sensitive criterion
of the response to vitamin D treatment.

The nature of the vitamin D effect has been further elucidated
by Keane, Collins and Gillis (1956) who measured the amount of radio-
activity present in the bones of rachitic and of vitamin D-treated chicks

following an intramuscular injection of Ca45b12. Deposition of the isotope
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occurred in the bones of the vitamin D deficient chicks to approximately
the same extent as in normal chicks. This finding confirmed the earlier
work of Migicovsky and Nielson (1951). The data gained from their ex~
periments suggested that once the calcium had been absorbed from the
intestine into the blood-stream, then vitamin D was no longer greatly
significant in the actual mechanism of calcification.
esorption of e _sa

Experiments with rats have shown that the effect of vitamin D
on serum calcium levels persists under conditions where any appreclable
influence of the vitamin on the intestinal absorption is excluded
(Carlsson, 19523 1954 a, by Nicolaysen and Eeg—Larsen; 1956) . Mellanby
(1949) in a study in dogs found that 20 I.U. daily were sufficient to
promote the maximal abserption of calcium, but that much larger deses
were required to produce a normal bone structure,

Vitamin D, contrary to the opinion of Migicovsky and Emslie
(1949), can also promote the resorption of calcium from the skeleton with
its subsequent appearance in the blood (Lindquist, 1952). Carlsson and
Lindquist (1955 a) found that, if the dietary intake of vitamin D was
adequate to permit maximum calcium absorption from the gut, then increas-
Ing the dosage of vitamin D could still cause a rise in serum calcium,
Studies by Bauer, Carlsson and Lindquist (1955 a, b) led to the proposal
that this bone resorption effect was of primary importance in the phenom-
enon of bone-salt accretion.

More recent investigations by Migicovsky (1957), however, raise
doubts as to whether the process of resorption is actually under the direct

influence of vitamin D, as previously suggested by Bauer et al, (1955).
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Migicovsky found that the net effect in the presence of vitamin D was
always a gain of calcium, He has suggested that if vitamin D dees
exert a direct effect on bone, then it is more likely to be assoclated
with the rate of calcium accretion, So far, there has been no conclusive
evidence to show that vitamin D has a specific effect on the calcification
mechanism,
Effectiveness of vitamin D with time

Lindquist (1952) has studied the effectiveness of a physiological
dose of vitamin D in relation to the time required for its influence on
calcium absorption to be observed. Using rats which had been well dosed
with vitamin D he concluded that the minimum time required before observ-
ing an effect of vitamin D was 4 hours between the administration of
vitamin D and of the radiocactive calcium. A maximum effect was not
obtained under 60 hours. Patrick and Schweltzer (1955) claim to have
seen an effect in chicks 4 hours after supplementation with vitamin D,
while Migicovsky (1957) believes that only 2-4 hours are required.
Investigations so far, have failed to demonstrate an immediate effect of
the vitamin on calcium absorption.
Site of absorptiop

Although there is general agreement concerning the effect of
the vitamin in increasing calcium absorption, ne conclusive evidence has
yet been put forward to indicate a specific site for this absorption.
In 1939, Reed, Struck and Steck suggested that calcium was mainly absorbed
from the upper intestinal tract. Harrisen and Harrison (1951) found that
calcium uptake from the proximal two-thirds portion of the small intestine

was most rapid within 4 hours, but that this absorption was not under
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the influence of vitamin D. The major portion of the unabsorbed calcium
was located in the distal one~third of the small intestine after 4 hours
and absorption of calcium from this region was observed only in rachitic

rats receiving vitamin D From the data available, it appeared that the

3°
vitamin only exerted its effect under conditions in which the calcium was
poorly soluble. The conclusion was therefore reached that the site of
action was the distal portion of the small intestine.

The preblem was further investigated by Nicolaysen (1951) whe
followed the uptake of radioactive calcium from isolated segments of rat
small intestine in vive over a period of 24 hours. Results from these
experiments pointed to the upper half of the small intestine as the
principal site for calcium absorption, However, the physiolegical
conditions under which these investigations were carried out would not
seem conducive to an accurate appraisal of the situation., Underwood,
Fisch and Hodge (1951), Carlsson (1954) and Lindquist (1952) alse consider
. vitamin D to influence the absorptlon of calcium from the upper part of
the small intestine. Using in vive loops of chicken duodenum, Gershoff
and Hegsted (1956) clearly present evidence for the influence of vitamin
D in this section of the intestine. As yet, there has been no real
eviéenee to establish the hypothesis that vitamin D increases the
selubility of calcium salts., It is plainly evident that a more detailed
examination of the small intestine is still required to indicate more
specifically the site of calcium absorption. Such investigations would
also considerably advance the limited knowledge available on the mode of

action of vitamin D,



Calcium adaptation

An interesting feature of calcium absorptien is the efficiency
with which rats can adapt themselves to the variable ratios of calcium and
phosphorus in the diet. Rottensten (1938) found that calcium deprivation
during the period of growth established a condition whereby calcium absorp-
tion was rapidly speeded up when the rats were returned to a high calcium
diet. These findings were confirmed by Nicolaysen (1943) but he was
unable to show a response with vitamin D-deficient rats, which led him
to postulate the existence of an endegenous factor. This factor, or
factors, in association with vitamin D, was thought to control the absorp-
tion of calcium in young animals, although the primary regulating facter
was still considered to be vitamin D. The efficiency of calcium absorp-
tion was found to vary according to the needs of the body (Nicolaysen,
Eeg-Larsen and Malm, 1953; Malm, Nicolaysen and Skjelkvale, 1955), so
that when the skeletal mineral stores were depleted, a higher percentage
of a given amount of calcium was absorbed. The adaptation phenomenon
does not function without vitamin D. The question of adaptation in rats
and in man and the role of_the endogencus factor have been discussed by
Nicolaysen and Eeg-Larsen (19533 1956).

At present the nature of the proposed endogenous factor is
rather obscure and, indeed, recent evidence leaves some doubt as to its
actual existence. Henry and Kon (1953) studied the effect of vitamin D
on calcium retention in the rat over 2 years. During this period,
groups of rats were reared on high (0.8%) and low (0.25%) calcium diets.
These workers reported that there were no effects on the calcium metabolism

of the rat which were attributable to vitamin D, and thus were unable teo
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support the hypothesis proposed by Nicolaysen (1943).

Following the giving of an oral dose of Ca4q012 to chicks,
Migicovsky and Jamleson (1955) found that vitamin D influenced the rate
at which the isotope appeared in the blood and bone. Keane, Collins and
Gillis (1956) have confirmed this report. Further, the presence of the
vitamin enabled the chicks to adapt their capacity to absorb calcium to
the different dietary intakes of calcium. These workers also could find
no direct evidence for the presence of an endegenous factor.

i ch

A number of compounds related to the vitamin D group have been
jsolated and tested for their antirachitic properties (Bills, 1954).
Perhaps the most useful of these is dihydrotachysterol (AT-10), a
substance which differs structurally from vitamin D in that a methyl
group replaces the methylene group at C10 position of the original
molecule (Figure 1).

Since it was first introduced by Holtz (1933), AT~10 has been
widely used as a therapeutic agent in the control of hypocalcaemic tetany
in cases of hypoparathyroidism. The plasma calcium cencentration is
rapidly raised as a result of an increased intestinal abserption in
conjunction with a general mobilisation of bone calcium. AT-10 is
known to cure rickets in rats and chicks (Correll and Wise, 1942) and
it has also been used to treat phosphaturic rickets in man (Saville,
Nassim, Stevenson and Mulligan, 1955). Although AT-10 is related to
vitamin D in its chemical, antirachitic and calcaemic properties, the dose
of AT-10 required to cure rickets is very much greater than the normal

dose of vitamin D and the therapeutic range seems to be much narrower
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(Shehl, Fan and Farber, 19393 Shohl and Farber, 19413 Carlsson and
Lindquist, 1955 b).
Clinical studies by Albright, Bloomberg, Drake and Sulkowitch
(1938) indicated that the primary action of AT-10 was on phosphorus
excretion rather than on calcium absorption, which is in direct contrast

to the action of vitamin D. These workers have postulated that the

action on calcium o ]
action on phosphorus excretion

explain why vitamin D is a much more potent antirachitic agent than

differing ratios observed, i.e. could
AT=10. The effect of vitamin D on calcium absorption is much slower
than that of AT-10, which may also explain why AT-10 sometimes appears
to be more efficient in increasing serum calcium than vitamin D.

Albright and Reifenstein (1948) have recently discussed the
modes of action of vitamin D and AT-10 based mainly on clinical evidence.
1t is apparent, however, that the mechanism of acticn of AT-10 on calclum
absorption is still obscure. Further investigations witﬁ this steroid
in experimental animals might significantly advance our knowledge on the
mode of action of vitamin D.
Ketone .,

The existence of an antirachitic compound known as ketoneQSO
has recently been reported (Raoul, 1958). This compound may be pre-

pared synthetically from cholesterol, vitamin D, , vitamin D, or di-

2? 3

hydretachysterol as starting material. Ketonezso has also been isolated
from fish liver and vegetable matter., Two forms of the ketone are said
to exist: ketonezso series 2 (side chain like vitamin 02) and ketone250
series 3 (side chain like vitamin 03). Although this new substance has

only one-tenth the antirachitic potency of vitamin Da, as demonstrated
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from chick assays, the enol form of ketone25° can be stabilised in the
presence of calcium. The calcium enolate possesses an antirachitic

potency approaching vitamin D, itself. Hence the formation of such

3
a compound has encouraged speculation as to its natural role in calcium

transport.

There are many factors involved in regulating the dynamic
equilibrium of the body calcium which are beyond the scope of these
present investigations. Nevertheless, an introduction of this nature
must be considered incomplete without some reference to the relationship
existing between vitamin D and citric acid, and the parathyroid glands.
Vitamin D and citric acid

The role of citric acid in promoting calcium absorption has
received much attention since this substance can form a soluble, poorly-
fonised complex with calcium. Many workers have shown that orally
administered citrate can bring about an increased calcification of the
metaphyses (Hamilton and Dewar, 19373 Shohl and Butler, 1939; Yendt
and Howard, 19553 Harrison and Harrison, 1952 a). The mechanism of this
effect remains obscure. Yendt and Howard (1955) believe that the
citrate assists by complexing with the calcium, thus reducing the amount
of unabsorbable calcium phosphate being formed and allowing a greater
absorption of phosphate from the gut. Recent studies by Schreier and
Schnepf (1956} using both rachitic and vitamin D-treated rats demonstrate

that orally administered citrate can increase the absorption of calcium.
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Dickens (1941) found that over two-~thirds of the body citrate
was present in the bone salt. In rickets there is a decrease in the
citric acid content of the bone tissue (Dickens, 19413 Nicolaysen and
Nordbg, 19433 Waasjo and Eeg-Larsen, 1951). Vitamin D increases the
citric acid level in blood, bone, kidney, heart and small intestines
when given to vitamin D-deficient rats (Steenbock and Bellin, 1953).

A direct effect of vitamin D on citrate metabolism is indicated
by recent experiments carried out in Steenbock's laboratory. ln vitro
the utilisation of citrate was found to be considerably reduced in
kidney homogenate and kidney mitochondria preparations obtained from
vitamin D-treated rats in contrast to the deficient animals (De Luca,
Gran and Steenbock, 19573 De Luca and Steenbock, 1957). Freeman and
Chang (1950). demonstrated that parallel changes in plasma calcium and
citric acid can be produced by giving vitamin D in large doses to normal
and parathyroidectomised dogs. Harrison and Harrison (1952 b) and
Harrison, Harrison and Park (1958) pointed out, however, that following
vitamin D-treatment the changes in the citrate content of the blood do
not necessarily correlate with changes in the calcium content, Carlsson
and Hollunger (1954) concluded that the dietary level of calcium played
an important role in influencing the vitamin D effect on citrate metabolism
in rats.

The relationship of vitamin D and citric acid is still uncertain.
A number of reviews endeavour to sum up our present knowledge from the
controversial reports pertaining to this aspect of calcium metabolism

(McLean and Urist, 1955; Bourne, 1956; Neuman and Neuman, 1958).
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id nd and vi

An important correlation exists between the calcium levels in
the body fluids and the activity of the parathyroid glands. The relation-
ship was first investigated by MacCallum and Veoegtlin (1909) who showed
that the serum calcium fell follewing parathyroidectomy, but that such
chanées could be prevented or alleviated either by the administration of
calcium salts or by the injection of crude extract from the parathyroid
glands., There has been much discussion concerning the primary site of
action as the hormone produces two distinct effects, viz. an increased
phosphate excretion via the kidney, and an increased mobilisation from
the bone. The present weight of evidence would suggest that the main
action of the parathyroid secretion in regulating calcium metabolism is
directed towards the mobilisation of calcium from the bone, Bartter
(1954) has reviewed these controversial findings. More recent theories
advanced suggest that the two effects may not be due to the same parathyroid
hormone but are caused by two different factors (Kenny and Munson, 1959).

There appears to be no conclusive evidence that the parathyroid
glands exert a direct influence on calcium absorption from the intestine.
Evidence recently put forward by Harrison, Harrison and Park (1958)
reveals that vitamin D-deficient rats show no response to parathyroid
extract unless the vitamin is administered prior to the giving of the
hormones As a result of these findings, it is suggested that vitamin
D is required for the action of the parathyreid secretion: The role
of the parathyroid glands in relation to the homeostasis of blood calcium

has been the subject of many reviews (Howard and Connor, 19543 MclLean
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and Urist, 19553 Bourne, 19565 Copp, 19573 Howard, 1957; Neuman

and Neuman, 1958),

The work presented in this thesis outlines attempts to define
more clearly the mode of action of vitamin D in regulating calcfum
abserption from the intestine, Initially, methods are described for
studying more effectively the calcium absorption phencmena both by
in _vive and ip vitro techniques. Several factors influencing calcium
uptake are considered and, in particular, the mechanism of action for
the active transport of calcium has been closely examined. The role
of the adrenal glands in relatien to calcium metabolism has also been
investigated and experimental evidence is presented to indicate a
possible site for the transformation of vitamin 03 to a more active
form of calcium carrier. Further studies related to the nature of

such a proposed 'active' factor are discussed,



CHAPTER 1
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CHAPTER 1

MATERIALS AND METHODS

This chapter deals with those methods and materials used
throughout these present investigations. It is therefore not
intended as a summary of all the materials and methods referred to
in this thesis as these will be dealt with separately in the
relevant chapters. There are, however, one or two exceptions to
this arbitrary division, for example, it has been found more con-
32

venient to group together methods relevant to P and Nazz studies

in this general methods section.

Mapagement of chicks

White Leghorn cockerels were obtained locally on the day
of hatching and were immediately housed in electrically heated tiex-
brooders in an air-conditioned room from which sunlight was excluded.
The previous history of these chicks assured a minimum carry-over of
vitamin D3 in the egg, and thus enabled a more rapid depletion for
the early producticn of rickets. Chicks were raised by feeding the
following rachitogenic ration for a period of approximately four teo

five weeks.,
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MPOSITION OF DIET

Constituent n diet

Ground wheat 26

Ground maize 30

Soya meal 13.5

Casein (N,B.C. vitamin free) 5

Dried yeast 3

Dried lucerne 6

Salt 1

Wood charcoal 0.5
Manganese sulphate (4 H) 20 mg./100 g. diet
Calcium phosphate (B.D.H. precipitated) 2

Vitamin A 2000-3000 1.U./450 g. diet
Vitamin E 13 1.U./450 g. diet
Arachis oil - 1

The vitamins, disselved in the arachis oil, were triturated with the
calcium phesphate before addition to the remainder of the diet. Unless
stated otherwise, the chicks were allowed access to food and water at
all times, |
After 18 days the birds showed a decline in body weight and
within S weeks rickets was plainly evident. The chicks were weak and
unable to suppert themselves on legs which had become splayed and de-
formed, Figure 2 illustrates the condition of a rachitic chick as
compared with a chick of the same age given an adequate vitamin D3_
supplement from birth, The degree of rickets was assessed from the

ash content of the dried fat-free tibia., Typical figures for rachitic



The chick on the left in the phategraph was fed a rachitogenic ration for 4 weeks
and shews the typicsl symptoms of leg weakness, The chick on the right wes the
same sge end was raised frem birth en the saue ration but fortified to include
sdequate vitenin b,.
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chicks approximately 28 days eld were 26-30% bone ash, whereas chicks
raised to the same age on a diet supplemented with vitamin D, (250 1.U.
vitamin 03/350 ge diet) gave a bone ash content from 40-44%. For
experimental purposes, the chicks were selected as greups of appreoximately
equal weight and size from the 26th -~ 35th day of hatching.
ontro

Two control groups of chicks were included in all the experiments
performed, viz, rachitic and vitamin Daotreated groups. The vitarmin °3
control group received 100 I.U. (2.5 pg) vitamin D, in arachis eil by
stomach tube 16 hours prior to the experiment. This procedure has been
abbreviated in the text to (100 I.U. - 16 hours). The rachitic centrel
group received the vehicle alone in the manner described for each in-
dividual experiment. However, preliminary tests using undosed rachitic
and rachitic chicks dosed orally with arachis oil 16 hours previcusly
indicated that this vehicle alone had no significant effect on calcium
absorptien in these birds.
Bene-ash procedure

On the cempletion of the experiment the chicks were killed
by wringing their necks and the left tibia was removed, The bone was
scraped clean of all flesh with a scalpel and allewed to soak overnight
in abselute ethanol. The follewing morning, the tibia was soxhlet-
extracted for 8 hours using a mixture of petroleum ether (400-600) and
absolute ethanol (2:1, v/¥) before drying to a censtant weight in a
hot-air oven (100° C). The weight of the dried fat-free tibla was
noted. Using an electrically heated muffle furnace at 800° C, the tibia

was ashed in a silica crucible for 8 hours, allowed to cool and the weight
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of ashed tibia expressed as a percentage of the weight of the dried
fat-free bone.
Chemicals

All chemicals and solvents used were of A.R., quality whenever

possible. All solutions were prepared with glass-distilled water.

Chemical estimation of calcium in intestinal loops

(a) Destruction of organic material. Intestinal loeps, removed
from the body at the completion of the experiment, were destroyed by the

method of wet-oxidation, essentially as described by Reitz, Smith and
Plumee (1960). 18,0 ml. nitric acid (15.8 N) were added to a 100 ml.
cenical flask containing the loop and digested slowly on a hot plate fer
4 hours. At the end of this peried, 2.0 ml. sulphuric acid (36 ) were
carefully added and the mixture rapidly boiled until charring appeared.
Oxidation was completed by the dropwise addition of a mixture containing
72% perchleric acid and 15.8 N nitric acid (2:1, v/v) and the mixture
was then heated to fuming for 15 minutes until only sulphuric acid and

2 white residue remained. When cool, the contents of the flask were
taken up in 10 ml, distilled water, fellowed by the addition of 3.0 ml.
hydrochloric acid (10 N) and finally made to a constant volume (20 ml.)
with distilled water,

(b) Precipitstion of calcium. 5.0 ml. samples of the digest
prepared as above were pipetted into 15.0 ml. centrifuge tubes together
with 2.0 ml. saturated ammonium oxalate solution. Fellowing the addition
of 2 dreps of methyl red indicator solution (0.05%), the mixture was just
neutralised with ammonia solution (s.g. 0.88) and allowed to stand over-

night to ensure complete precipitation of the calcium oxalate.
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The calcium oxalate was sedimented by low speed centrifugation
(2.500 X g) and the supernatant carefully aspirated to avoid any undue
losses of the precipitate. After washing twice in the same manner with
0,5 ml. warm ammonia solution (1 Vol. ammonia s.g. 0,88 ¢ 99 Vels. water),
the calcium oxalate was taken up in a few dreps of 4 N nitric acid with
gentle warming, and the calcium centent estimated by the EDTA-calcium
titration method,

(c) EDTA—calcium titration. The titration was carried out
essentially as described by Herrmann(1958). The assay mixture consisted
of 0.5 ml, calcium sample, 1.4 ml, EDTA (0.025 M), 0.3 ml. 2 N KOH con-
taining 1% KCN, 1.0 ml, calcein indicator solution®* and 1 drep n-eoctyl
alcohol (to prevent foaming). Titration was carried out using a standard
calcium chloride solution (1 mg./ml.) and during this procedure the
mixture was continually aerated te ensure complete mixing. The end-
point as viewed under an ultraviclet light was sharply defined by the
presence of light green fluorescence. With each experiment the EDTA
solution was standardised against the standard calcium chleride solution.
The amount of calcium present in the sample was calculated by difference,
after taking into consideration the walue of the control tubes.

A reagent blank together with a series of tubes containing vary-
ing known amounts of calcium chloride was carried through the entire
procedure. These controls not only served to check for any possible
calcium contamination, but also enabled the efficiency of the procedure teo

be assessed. Recoveries of not less than 98% were estimated with this method,

® Calcein indicator solution was prepared by dissolving 8 mg. calcein in

0.2ml. I N KOH and diluting to 100 cc.
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Surgical Procedures

The chick was anaesthetised with ether and then fastened te
an operating board on the left side with the right leg pulled well forward
to expose the right abdominal wall (Figure 3). Feathers were cleared
from the surgical area and an incision approximately 1" long was made
through the wall so that the required section of the intestine could be
brought to the outside. The loop was immediately placed on a cotton-
wool pad soaked in warm saline. For the isolation of the duodenal loop,
one ligature was tied just below the gizzard and another tie made 1 cm.
above the entry of the bile duct. With distal leops, a section of small
intestine was measured upwards from the bottom of the caecum to, in most
cases, a few cm. past the yolk sac, and, as described above, two ligatures
were tied at these extremities. The length of intestine normally used
was 12.5 cm,

The ligatured segments were partially severed below the upper
and above the lower ligatures, and glass cannulae inserted, Each leop
was flushed threugh with physioclogical saline at 37° C to remove its
contents and the loops drained by blewing a velume of air through with
a hand syringe. The cannulae were then either removed or tied ints
place, depending on the nature of the experiment.

METHOD A,

vivo isclated 1 t igue., After removing the cannulae,
the lower end of the loop was tied off and the test solution of Ca Cl,
(0.5 ml.) inserted through the upper end of the loop by means of a 22-
gauge blunt-ended needle fitted to a 1.0 ml. graduated tuberculin syringe.

A ligature held the needle in place and was pulled tight as the needle was



The figure illustrates the operating position of a chick with

the required portion of the intestine brought ts the cutside
through an incision in the right abdominal wall, After in-
serting cannulae into the isolated loop, the perfusien apparatus
was positioned over the bird and the outlets of the vessel then
connected to the cammulae. The perfusion apparatus conslsts

of an imner glass vessel contalaing the perfusion fluld surrounded
by an cuter glass jacket through which water at 38° C was con-
tinuously circulated. Flow of the perfusion fluid was main-
tained by carbogen gas injected through the rubber comnection
with a 24 gauge hypodermic needls. The polythene funnel attached
to the perfusion appsratus prevented any contamination frem
radioactive material when frothing eccurred.
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withdrawn, thus preventing any loss of the radlocactive solution. Unless
otherwise stated, each loop received 0.5 ml. Ca45C12 solution containing

4 mg. Ca40 and 8,0 pice. Ca45 at a pH 6.0, The isolated loop was immediately
replaced in the body cavity and the opening closed with two or three
sutures.

Within a few minutes of the operation the chlicks were
sufficiently recovered and blood samples were thereafter removed at vary-
ing time intervals from a wing vein, When the intestine and bones were
to be analysed for calcium the birds were allowed to live for 2 hours
before removing the respective tissue, At the end of this peried, the
loops appeared perfectly normal, revealing no sign of any fluid distention.
METHOD B,

Perfusion of isolated loops in vive, The in vive transport of
calcium across the intestinal membrane was studied using the apparatus
described by Holdsworth and Coates (1961). Chicks were given an intra-
muscular injection (0.15 ml.) of sodium nembutal* (60 mg./ml.) 15 minutes
prior to commencing the surgical oeperation and thereafter, anaesthesia
was maintalned with the aid of a 1little ether. After rinsing and drain-
ing the contents of the exposed loop, the glass cannulae were tied into
place and connected with short pieces of rubber tubing to the perfusion
apparatus (Flgure 3). Care was taken to ensure that the connections
did not pull or cause any constriction of the loop at the entry of the

cannulae. Before commencing the operation, the perfusion fluid was

* An aqueous solution of sodium pentebarbital was a product of Abbott

Laboratories, North Chicago, Illinels, U.S.A.
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placed in the vessel to allew the contents to equilibrate with the water
temperature (38° C). The circulating fluid consisted of 10 ml. Krebs—
Ringer-buffer solution (Umbreit, Burris and Stauffer, 1949) to which had
been added glucese (0,22 M), Ca® (2 mg./ml.) and Ca’ (1.2 pc./ml.).
Flow of fluid was prevented with screw clips until the cannulae were
connected,

The fluid was circulated by means of carbogen gas (95% 02,
5% 002) injected through a rubber connection with a 24-gauge hypodermic
needle, which also provided adequate oxygenation of the tissue., On
occasions the loop was returned to the body cavity but successful
circulation was not always achieved in this position., It was prefer-
able, therefore, to leave the loop outside the cavity where the tissue
and surrounding area could be kept moist with saline pads. There was
no indication of any harmful effect on calcium transport with this
procedure. Perfusion was ~z:sally carried out for 45 minutes and blood

samples were taken from a wing veln at intervals,

METHOD Co

Pexfusion of isolated leops in vive. Perfusion of in vive
iselated segments of intestine was made possible by means of a small

peristaltic pump connected to the leop through glass cannulae (Figure 4),
The pump and reservoir were enclesed within a thermostatically controlled
chamber maintained at 38° Ciz'l°. The connections from the pump and
reserveir to the c¢annulae were of necessity kept short to reduce losses
in temperature and also to restrict the volume of the circulating fluid.
A synchronous moter ensured a constant rate of circulation and this rate

could be varied through a rheostat,



A peristaltic pump was used to perfuse 1solated leops of small intestine

dn.yivo. The pump and glass vessel containing the perfusion fluid are
enclosed within a thermostatically controlled polythene chamber maintained

at 38° C, A small heater was placed beneath the pump and fan blades attsched
to the pump ensured constant circulation of the air within this chamber,
After inserting the cannulae into the prepered loep they were then connected
to the pump and resexvoir,
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Before commencing the surgical operation, the outlets from
the apparatus were clipped off and perfusion fluid was placed in the
reservoir to enable it to reach the required temperature before circulat-
ing the fluid in the bird, When calcium absorption was studied by means
of this apparatus the perfusion fluid consisted of 10 ml, of Krebs-Ringer
solution containing 2 mg. Ca4o/b1. and 2 pc. Ca45/b1. During similar
experiments with Na22, the perfusion fluid contained 10 ml. 0.15 M NaCl
to which had been added glucose (0.22 m.) and Na22 (0.2 peo/ml.).

The intestinal loop was prepared with the cannulae tied in
place, and, after connecting them to the apparatus, the perfusion was
started. Blood samples were taken at intervals from a wing vein, and,
at the completion of the test period, the apparatus and gut were drained
thoroughly into a graduated cylinder.

METHOD D,

In vitro everted intestinal sac technigues. The apparatus
described by Salomon and Johnson (1959) was modified to study transpert
of calcium across surviving everted segments of chick small intestine.
Details of the apparatus are given in Figure 5. Follewing the surgical
operation, the segment was severed at the ligatures and rapidly trans-
ferred to a bath containing Krebs-Ringer-bicarbonate-buffer prepared in
the absence of added calcium to contain glucose at a concentration of
0.005 M. This solution was continually aerated with carbogen gas and
the temperature of the bath was maintained at 38° C. The lumen was
carefully stripped of its mesenteric attachments and the loop everted
by means of a glass rod. The everted segment was then tied into place

on the capillary supports with sutures and immediately placed in 30 ml,



The fiuid bathing the mucoss tissue was called the mcvssl fleid
snd thet fllling the serosa~lined lumen of the evertad loop, the
sezosal fluid,

The outer apparstus (left) was psrtially ismersed in a constant
temperature water bath and contained 30 ml. mucosal fluid, Carbo-
gen gas, injectad through the soft rubber conmection (a), per-
mittsd & contimuous flow of the mucosal fluld and also emsured
adequate oxygenation of the cizculating fluid. The gassing tube
had & glass bulb (b) which ensbled frothiag to be reduced t» a
sinimum,

The suspending rack (right) was made of 5 mm. 0.D. capillary
tublng and was held in place by s Gwo-holed notched yubber stopper.
The notch in the stopper allowed the insertion of the gassing
tube and also pemmitted the escape of gas. In operstiong a short
plece of soft xubber tubing cloted at one end with a glass rod (c)
was slipped on to the end of the straight (continmous) cepillary.
A small air space (d) permitted the sercsal fluid to be injected
through this rubber conmection with a hypedermic syringe.
Similarly the sezosal fluld wes withidrswn by the reverse process.



193

pife
@)
AN

NNANNRANAY /U
KN

155
%



24

micosal medium consisting of Krebs-Ringer buffer with added glucose
(0,005 M), cal® (0.2 M) and Ca® (3 pc./ml.). Carbogen gas was used

to circulate the~outer mucosal fluide 1.0 ml. of a solution of Krebs-
Ringer buffer containing glucose (0.005 M) and ca® (0.2 M) was injected
into the loop and bathed the serosal surface. Oxygenation of the
serosal fluid was not considered necessary as Salomon and Johnson (1959)
have suggested that such a procedure makes little difference to the
result,

Transport of calcium was estimated by the appearance of Ca45
in the serosal fluid, At varying time intervals this fluid was com-
pletely removed and immediately replaced with fresh solution. Total
transport over a period of 60 minutes was calculated as the sum of the
radioactivity present in the individual samples, #hen the incubation
was complete, the segments were removed, blotted with absorbent tissue,
and finally placed in a desiccator until dry. The average dry weight
of tissue from each group was determined.

METHOD E,

n eve intes sac_tec es. Everted sacs of
small intestine were prepared essentially as described by Harrison and
Harrison (1960). After removing the washed portion of intestine from
the body, the segment was placed in an ice-cold solution of 0.13 M
sodium chloride and 0,02 M potassium chloride and everted by means of a
glass rod. Each end of the everted loop was tied over a short length
of glass capillary and the two supports were fastened together with
adhesive tape (Figure 6). Fluid contained within the loop and bathing

the serosal surface is called serosal fluid and that in contact with the



EIGURE 6

The diagram illustrates an everted gut sac preparatery to placing in

a conlcal flask containing 5.0 ml. of Krebs-Ringer-bicarbonate-glucose
solution with added ca® (0.25 pep 2.125 x ].0"3 M). The preparation
was tied with sutures to glass supports which were then held together
with adhesive tape. A yubber connection sealed at one end with a glass
rod was slipped on to the straight continuous capillary and 1.0 ml. of
Krebs-Ringer—bicarbonate-glucose solution containing Ca’ (2,25 x 107 K)
was injected through the yubber with a hypedermic syringe thus filling
the inside of the everted sac. After placing the loop in the conical
flask, the glass tubing was held firmly in place by a plug of cotton
wool ia the neck of the flask.






25

mucosal tissue,.the mucosal fluid. Serosal incubation medium (1.0 ml.)
was forced into the loop by injection through the connection rubber with
a hypodermic syringe. This solution consisted of Krebs-Ringer-bicarb-
onate buffer with glucose and.Ca40 added in final concentrations of
0.02 M and 2,25 X 10-3 M, respectively., The everted sac was transferred
to a 30 ml, conical flask and immediately immersed in 5.0 ml. of Krebs-
Ringer-bicarbonate buffer containing glucose (0.02 M) and Ca45 (2.125 X
10"'3 M, 0.25 pc.). The preparation was incubated with shaking for 1 hour
at 38° C in a metabolic shaker bath and was continually gassed with
carbogen.

At the end of the incubation period, the sacs were removed,
rinsed externally with cold 0,9% sodium chloride solution and then
blotted dry with absorbent tissue. The serosal fluid was drained into
a weighed container and rinsed through with exactly 1.0 ml. 0.9% sodium
chloride solution, followed by several volumes of air forced through with
a syringe so that complete emptying was obtained, The volume of solution
regovered was measured by weighing, The effective length of tissue

used was 12,5 cm. long. Accumulation of Ca45 in the serosal fluid was

recorded as total counts accumulated/hour, i.e. c.p.m./b.l m. X total volume,

Vitamin D and related compeunds
Crystalline vitamins D,, D,, and dihydrotachystero12(AT-102)

were obtained from L. Light & Co. Ltd. (Colnbrook, England)., Pure
crystalline samples of dihydrotachysterol series 2 (AT-102) and di-
hydrotachysterol series 3 (AT-103) were kindly provided by Dr. Westerhof

of Philips—Roxane (Amsterdam). For oral dosing, the compounds were
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dissolved in arachis oil and 0.15 ml. was administered by stomach tube,
When the compounds were given by intracardial injection, the appropriate
quantity of the substance was completely dissolved in a small volume of
absolute ethanol and diluted to volume with propylene glycol, the final
concentration of ethanol being less than 0.5%. Each chick then received
0.15 - 0,20 ml., of the selution. The crystalline compounds and the
solutions were stored at 4° C in air~tight containers.
Calclum chloride

The Ca4q312 was obtained from the Radiochemical Centre,
Amersham, England, and was diluted for use with unlabelled calcium
chloride to glve a specific activity of approximately 2 pc./mg. calcium.
As each solution usually lasted six months or more, the activity of the
standard solution was counted at the same time as the experimental material
and the necessary corrections made in order to standardise, as much as
possible, the amount of radioactivity present. The calcium was in-
variably in the form of the chloride., Unlabelled calcium chloride was
prepared by dissolving the appropriate amount of Ca033 (previously dried
for 1 hour at 110° C) in 2 N HCl, evaporating to dryness and finally
making to volume with distilled water. The pH was adjusted to 6.0

with sodium hydroxide.

§9§jgg22 chloride

Na22 was obtained from the Radiechemical Centre, Amersham,
England, and diluted for use with unlabelled NaCl (0.15 M) to contain
2 pe./ml.
=y

The carrier-free orthophosphate from the Radiochemical Centre,



27
Amersham, England, was diluted with sodium phosphate to give 10 pc./mg. FO,,.

adioactive counti ure

gags

(a) Plasma. (i) Bloed was collected from a wing vein into a
heparinised syringe and the plasma prepared by centrifugation. Virtually
all of the calcium present in the blood is present in the plasma fraction
(Irving, 1957). 0.l ml. plasma was spread on a 1 en? aluminium planchet
together with ene drop of 1% detergent solution to facilitate spreading.
The mixture was allewed to dry and the radicactivity present measured by
means of 2 G.E.C. EHM2 end=-window counter. The efficlency of this
machine was 5-10%.

(i1) Plasma (0.2 ml.), obtained as described in
the preceding paragraph, was mixed with 0,3 ml. 0.5 N perchleric acid
and allewed to stand for 5 minutes, The protein was removed by
centrifugation and 0.25 ml. supernatant taken for scintillation ceunting
in an Ekco N664A counter. The samﬁle was added directly to 5.0 ml.
scintillator phosphor, as develeped by Bray (1960). Quenching measure-
5

Cl.. The

ments were carried out using an internal standard of Ca4 2

efficiency of counting as determined from a standard Ca45bl solution

2
was 64%. Perchloric acid extracts of plasma gave approximately 15%

quenching.

(b) Iissue Fluid. (i) Serosal fluid (0.1 ml.), obtained during
in vitre studies with everted sacs (Method E), was added directly to

5.0 ml, of Bray's scintillater phosphor and the Ca45b1 was estimated

2
by scintillation counting.
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(1i) Serosal fluid (0.1 ml.), obtained as under
in vitre sac technique (Method D), was plated directly on 1} ca® aluminium

planchets and counted at infinite thinness using a GEC-EHM, end-window

2
counter,

(c) Mucesal tissue. The everted sacs were cut into very small
pieces and retained in centrifuge tubes together with 2,0 ml. 5 N perchloeric
acide After overnight extraction, the tubes were heated at 80° C fer 2
hours, glass stoppers preventing any lesses during this period. Precipitated
protein was c¢ollected by centrifugation and samples of the acid extract
removed to estimate radicactivity by scintillation counting, The quenching
effect due to the perchleric acid was taken inte account for the final
evaluation. Accumulation of Ca45 in mucosal tissue was measured as total
counts accumulated/hour f.ee copeme/0.1 mi. X total volume. The weight
of tissue was not taken into account.

(d) Bong. Ashed tibia was dissolved in 10 ml., 2 N HCl and the
calcium precipitated as the oxalate by the addition of 4 ml. saturated
ammonium oxalate solution followed by neutralisation to methyl red
indicator. The mixture was allowed to stand 8 hours before centrifugation,
After washing the material in the saie manner twice with dilute ammonia
solution {1.5%) and twice with absolute ethanel, the calcium oxalate was
finally dried and weighed,

For counting, the calcium oxalate was spread on 1 cmg rolythene
planchets and counted at infinite thickness using a GEChEHM2 mica end-
windew counter. The amount of material required to count at infinite

thickness was determined frem 2 self-absorption curve,
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Bleod. Fer the counting of P32

in bleod, the material was
collected frem a wing veln inte a heparinised syringe. Whole blood
(0,1 m1.), together with a drop of 1% detergent selution, was evenly
spread on a 1 cu” alumipium planchet. When dry, the samples were

counted with a GEC-EHM

S!!22

o end-window counter.

Bload. Whole bloed (0.4 ml.), collected as previously
described from a wing vein, was pipetted directly into a deep-well
polythene scintillation tube and the Na22 counted in an Ekce NS§7
Nal crystal scintillatien counter.
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CHAPTER 2.
VITAMIN D, DIHYDROTACHYSTEROL AND OTHER FACTORS INFLUENCING
CALCIUM TRANSPORT.
JNTRODUCTION

Prior to examining the mechanism of calcium transport in the
small intestine of chicks it was first necessary to establish test systems,
in vive and in vitre capable of demonstrating changes affecting this
process, Part 1 reports early attempts to study calcium transport under
conditions described in the previcus chapter. Calcium absorptien in
rachitic chicks was studied before and 16 hours after giving an oral dose
of 2,5 pg.vitamin D3. The experience gained from these experiments was
an invaluable guide to more detailed investigations on calcium transport.

In Part II, the influence of several factors on the absorption
of calcium under natural conditions is described. Attempts were made to
locate the site of the maximum abserption of this ien, as previous studies
with rats have produced no conclusive evidence in this regard. Nicolaysen
(1951) has suggested that calcium is mainly absorbed from the upper portion
of the small intestine, under the influence of vitamin D, Studies by
Harrison and Harrison (1951), however, do not support this view. These
authors believe that vitamin D is concerned only with the uptake of calcium
frem the distal regien.
Using both ip vive and in viire techniques it has now been

possible to compare more thoroughly the response of various segments of
chick small intestine to vitamin D, treatment. The influence of vitamin

3
D3 on the transport of ifons other than calcium has also been investigated.
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The effects of vitamin D2 and dihydrotachysterol on calcium
sbsorption are considered in Part III, Vitasmin 02 is reported to have
little antirachitic activity in the chick (Bills, 1935) whereas in rats
and humans, vitasin D, is equally as potent as vitadnba (5mith, Glymn,
wilkinsen and Peevers, 1943), The effectiveness of vitamin D, has been
reinvestigated by the calcium absorptien test, using isolated duodenal
loops in vivg. Similarly, the influence of AT-10, s compound used
therapeutically to produce a rapid increase in the level of serum calcium

has been compared to vitamin D:3 for its effectiveness in the chick.
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EARLL
THE INFLUENCE OF VITAMIN D ON CALCIUM ABSORPTION AS STUDIED BY VARIOUS

AN YIVO AND Ji VIIRO TECHNIQUES

Calcium absorption from either duodensl or distal portions
of the smsll intestine was studied in rachitic chicks by methods pre-

viously mérlbod in Chapter 1. The level of Cn‘s in the plasma or

the accumlation of 6145

in the serosal fluid of everted gut sacs was
measured after chicks had been given an oral dose of 100 I.U. vitamin
Dy 16 hours before the calcium test. These values were compared to

the values obtained from simllar measurements made with the rachitic

control group.

During the early part of these present investigations the
duodenal loop was extensively used as Holdsworth (personal commnication)
had suggested that there was no portion of the small intestine more
suited for studles of this nature. However, more recent observations
in this laboratory, which have been described elsewhere in this chapter,
indicated that the distal leop was s more sensitive system for studying
calcium absorption after vitamin Da-tmtmnt. Nevertheless, theye is
no experimental evidence to suggest that the effects observed from the
use of the distal lcop are not reproducible with dusdenal segaents,
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RESU

Calcium absorption from in vivo isolated intestinal loops.
Calcium absorption was measured in duodenal loops prepared

from rachitic and vitamin DB-treated chicks (Method A). The influence
of vitamin D3 on this process was observed by fellewing plasma ca45 levels .
at varying time intervals. These results have been summarised in Figure
7. A striking increase in the amount of calcium present in the plasma

can be demonstrated with vitamin D_-treated chicks. A maximum Da/&achitic

3
ratio of 3.7/1 was observed within 30 minutes.

On occasions varlations from this ratio have been observed and
these are due mainly to the age and severity of rickets in the chicks
the maximum ratio at 30 minutes obtained with duodenal loops using this
method was 5,5/1 and the minimm 3/1, When calclum absorption was
allowed to proceed for longer periods there was a slow decline in the
amount of radioactivity present in the plasma until at the end of 2 hours
levels comparable to those measured from the rachitic greup were recorded
~treated birds.

3
alcium absorption from in vivo fused intestinal loops.

for the vitamin D

(2) Figure 8 compares plasma Ca™ levels when duodenal loops
from rachitic and vitamin D3-treated chicks were perfused *in situ®
(Method B). Fellewing vitamin Dy-treatment the rachitic chicks showed
a three-feld increase in plasma Ca45 concentration. These findings con-
firm the results obtained with in vive isolated duodenal loops. Previously,
Coates and Holdsworth (1961) had been unable to demonstrate any effect of
vitamin D3 on calcium absorption when ducdenal segments were perfused in

a similar manner,
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. was measurad in plasms after preparing ip yiwe duodenal
loops of small intastine (Method A) frem rachitic and vitmmin
na-t_xuud chicks. Each point is the mean of 22 birds.
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Ca®™ was measured in plasme during perfusion of duodenal leops
in yiyp (Methed B) from rachitic and vitamia D ~trested chicks.
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(b) Becsuse of clrculation difficulties often encountered
with the perfusion apparatus described by Holdsworth and Coates (1961) an

alternative method for perfusing the intestine was sought. When fluid

45

containing Ca ™ was circulated through isolated segments by means of a

peristaltic pump more consistent results were obtained. The influence

of vitamin D, on the uptake of ca®?
of rachitic chicks. Ca*>

was studied with perfused distal leoops
present in plasma wae msasured by scintillation
counting (p.27, (a) 11). The data summarised in Figure 9 indicate that
there was a marked increase in radicactivity in the plasma from the vitamin
Dy~treatad group. The ratio Da/rachi_tic was 8/1 after 30 minutes. As

slmllar smounts of water were transported by both groups, the results

obtained were not influenced by this facter.

(a) Isolated everted segments of duodenum were prepared from
rachitic and vitasin %-—treate;i chicks and the transport of calcium across
the mucosal mesbrane was studies ip vitre (Method D). The asppearance of
Ca*® 1n the serosal fluld wae constdered a measure of calcium trensport
from the mucosal to the serosal surface. It is evident from Figure 10
that duodenal sacs from chicks given vitamin D, showed a greater ability
to transfer calcium to the serosal surface than simllar sacs from the
rachitic group. The rate of calcium transport after 20 minutes appeared
relativoly constant with time. Results obtained with this method were
often difficult to interpret due to the small differences observed between
the two groups. Studies with ip vivo preparations had indicated a smich

greater improvement in calcium absorptiom after vitamin D. treatment.

3
(b) More reproducible results and a greater semsitivity of the

rachitic chick to vitamin 03 treatwent were obsexved when everted sacs of
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Co™ was meewured in plasms during in vive perfusion (Msthod C)
of distal leeps frem rachitic end vitamin nfmud chicks.
The mamber of birds is given in parventhesis.

X— — — X recMtic (7)
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Calcium transport was studied with everted duodenal sacs prepared
from rachitic and vitamin D -treated chicks (Method D). Accumulation
of Ca™ in the serosal fluid was measured at intervals. The results
are expressed as total counts 5.e. the radioactivity present in the
individual sample plus the radicactivity of the preceding sample(s).
Each point is the means of 9 birxds.
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distal smasll intestine were prepazed and incubated in the manner
described by Harrisen and Harrisen (1960) (Method £). Accumulation of
ca®™ inte the serosal fluid was messured after 1 hour. As demonstrated
from the histograms (Figure 11) a ratie D{nehitic of 2.9/1 was ebserved
when rachitic chicks ware desed with vitssin D,. In the many hundreds
ofm«swwmsmmmng/wuc ratie observed
using distal leops following 16 hours pretreatment with 100 I.U. vitamin

Dy was 2.4/1.



Accumulation of Ca'> was measured in the sezosal fluld of everted
distal sacs of intestine from rechitic and vitamin Da-trat«l chicks
(Method E). Eath Mstogram is the mean value from 15 sacs. The
blecked histogram represents Ca®> ia the serosal fluld from the
rachitic preparations and the blank histogram that frem the vitsain

ng-mat-d preparations.
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PARL L
FACTORS AFFECTING CALCIUM TRANSPORT AND THE SPECIFICITY OF VITAMIN D

3
MATERIALS AND METHODS

Emulsified preparation of vitamin 9-3’ 2.5 mg. crystalline vitamin D3
were suspended in 10 ml. water containing 0.05% Tween 80, The mixture

was shaken vigorously for 20 seconds in a high speed mechanical disinte-
grator described by Nessal (1953) using Balletini Number 12 glass beads,

An ameunt of suspensien equivalent to 2,000 I.U, vitamin D, was withdrawn

3

5

into a hypedermic syringe follewed by the test dose of Ca*°Cl, and the

2
mixture expelled into the leep. A solution of water and Tween 80
prepared as above but containing no vitamin D3, was placed in leops of
the rachitic control group in the same manner.

Celloidal aqueous suspension of vitamip 23. 12.5 mg. crystalline vitamin
D3 were disselved in a minimum of absolute ethanol and the final volume
adjusted to 1.0 ml. with propylene glycol. Immediately before use, the
vitamin selution was rapidly injected into 4.0 ml, water, using a 24-gauge
needle attached to a hypedermic syringe, and then theroughly mixed. Of
this selution, each chick received by stomach tube an amount equivalent
teo 10,000 I.U, vitamin D3. Rachitic controls received the vehicle alene.
Administration of Ca’Cl by stemach tube. A solution (0.5 ml.) con-
taining 2 mg. Ca‘o and 2 pe Ca45 was given to each chick.

Riboflavin solution. A 1% solution of riboflavin in prepylene glycol
was administered by stemach tube.

Citrate buffer. Citric acid (0.2M) was adjusted to pH 4.0 or pH 6.0

with sedium hydroxide,
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Amine scids. Solutions of lL-lysime and L-arginine hydrechleride
(50 mg./ml.) were adusted te pH 6.0 with sedium hydrexide before use.

ca®c1, (0.5 ml.) fellowsd by 0.2 ml. of the smine scid test selution
was withdraen inte a syringe and the mixture insevted ints iselated

duodenal loops.
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RESULTS
Site of absorption of calcium
(a) In vivo. Segments of small intestine from rachitic and

vitamin D.-treated chicks were prepared by the in vivo isolated loop

3
technique (Method A) to locate the site of maximum abserption of calclum.
The duodenal or distal loop was prepared in each chick to contain 4.0 mg.
Ca45. Figure 12 presents the results obtained in a typical experiment
by following the plasma Ca > levels at varying time intervals after giving
the test dose. A marked increase in circulating calcium occurred from
either loop under the influence of vitamin D3' However a greater ratilo
(03/fach1tic) was obtained with distal loops (7/1) as compared with
duodenal loops (3/1).

Further evidence that this plasma Ca45 level was a reliable
indication of the absorption rate is shown by the measurement of calcium
disappearance from the loop and its subsequent deposition or exchange in
bone after 2 hours (Table 1). Vitamin D, increased the uptake from
duodenal loops threefold and this calcium was deposited in bone. An even
greater (sevenfold) increase in uptake occurred from distal loops. How-
ever the total amount of calcium absorbed by distal loops of vitamin D3-
treated chicks after 2 hours was only slightly greater than the amount
absorbed from duodenal loops of vitamin D-treated chicks. The difference
observed between the ratio of these sites appears to be due to the low
absorption from the rachitic distal loops.

Some criticism could perhaps be levelled at the manner in which

these results have been compared e.g. the isolated loops were prepared in

separate birds. To minimlse this, a double-loop technique was used in



Ca‘s was measured in plasma after preparing in vive leoops of small

intestine from rachitic and vitamin pa-u-eam bivds. Each point
is the moan of 4 birds in a typical experiment.

oO———0 vitamin Dy~treated distal leops

Pa vitamin Ds-trntad ducdensl loops

o
X— =— —x rachitic distal leops

() rachitic dusdenal loops
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JABLE )

THE EFFECT OF VITAMIN D, ON CALCIUM TRANSPORT FROM DIFFERENT PORTIONS
s INTES

Treaéed birds were given 100 I.U, vitamin D3 16 hours prior to the
calcium test, Uptake and deposition of calcium in bone was measured
after 2 hours from in _vive loops containing 4 mg. Ca45. The residual
calcium in the loop was determined and ¥ calcium uptake is the amount
absorbed expressed as a percentage of the initial calcium present.

Each value represents the mean (number of birds is in parenthesis)

the standard error of the mean.

Rachitic Vitamin D ~treated

Segment ¥ calcium Bone Ca’*> 4 % calcium 3 “Bone ca®® =4
uptake Cepome X 107 / uptake C.pem. X 10” /
ashed tibia ashed tibia

Duodenal 16 + 3.5 (20) 10.65 + 3.08 (8) 48 + 3.9 (20) 27.78 + 4.12 (8)

Distal 8 + 2.1 (12) 5.12 + 2.39 (8) 56 + 6.5 (12) 25.00 + 3.15 (8)
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which both the duedenal and distal segments were isolated in individual
chicks from each group. Unlabelled calcium chloride was placed into
each loop and at the end of 2 hours the amount of residual calcium was
estimated in the manner described. The results obtained confirmed the
values and conclusions established from the radicactive studies (Table 2).
(b) In_vitro. Experiments similar to the in vive studies
but using isolated everted sacs (Method E) added support to the observ~
ations made in vivo., The whole of the small intestine was rinsed through
with warm saline and then divided into three equal segments, duodenal,
middle and distal. The effective length used during the incubation was
12,5 cms Accumulation of Ca45 into both the mucosal tissue and serosal
fluid was measured after 1 hour's incubation, The greatest amount of
transport occurred with distal segments of small intestine from vitamin
D,~treated chicks (Figure 13) with lesser amounts in the middle and
ducdenal segments. The results expressed as Ca45 accumulated in the
serosal fluid, show that the Da/fachitic ratio was 7/1 with distal leops.
When the method of Harrison and Harrison (1960) was used for as—

sessing total transport i.e. the sum of Ca45

in the serosal fluid plus
the mucosal tissue Ca , then the ratios were 4/1 distal, 2.4/1 middle
and 2,4/1 for duodenal loops. It is interesting to note that similar
amounts of calcium were accumulated by mucosal tissue in all parts of the
small intestine of the vitamin D3-treated chicks. The absolute amcunt
of calcium transported by the distal segment was 35’pg. Ca/hr./g. for

rachitic gut and 150 Ca/hr./g. with vitamin D,-treated chicks.



JABLE 2
CALCIUM ON_FROM_DUO AND DISTAL LOOPS IN VIVO

Duodenal and distal leoops of small intestine in each chick were
prepared and 4 mg. calcium was placed in each locp. Residual

calcium was estimated after 2 hours. Each value represents the
mean of 4 birds.

Segment of Calcium absorbed (mg.)
intestine Rachitic Ds-treat.ed

Distal 0.29 # 0.07 2,05 + 0.11




OSEE 13
JHE _SITE OF CALCIUM ABSORFPTION IN VITRO
Accwmslation of Ca™ into mucesal tissue and seresal fluld of everted
sasll intestine was msssured after 1 hour. Each histegras is the
mean of 8 sacs. Histograms I, 11 and III ave distal, adddle and

praxima] sacs respectively.

Blocked rachitic, seresal fluld
Cress-hatched rechitic, mucosal tissue
Blank vitamin Da-treatcd. sezesal fluld

Disgenal hatched vitamin Da-tnated, mucosal tissue
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Seversl investigators have endeavoured to show immediate or short-
tern offects on calcium metabolisa following vitamin D administrstion to
rats or chicks (Migicovsky, 19573 Coates and Holdsworth, 19613 Harrison
and Harrison, 19603 Dowdle, Schachter and Schenker, 1960; Schachter,
Kimberg and Schenker, 1961). These attempts have been extended in this
present study. In an initlal experiment vitamin D was studied for an
famediate effect on celcium absorption by inserting sn emulsified form
of the vitemin together with Ca® Cl, directly inte duodenal loops at the
commencement of the test. Table 3 $indicates that the abserption of
calcium as measured by plasmas 0345 levels was unaffected when the vitamin
was given in this form. Even 5 hours after an oral dose of 2.5 pg

vitamin Dl there was only a3 slight increase in the level of Ca‘s

in the
plasma. A marked increase in plasma radiosctivity was observed following
16 heurs pretreatment with vitamin D3.

The lack of effect of vitamin Dy within 5 heurs of its sdwin-
istration could be the result of two factors (a) the amount of vitamin Dy
given (100 I.U.) was not sufficient to premote a significant increase in
calcium absorption (b) the mode of administration. These factors were
investigated in the follewing experiments.

A large dose of 10,000 I.U. vitanin D, was administered either

(a) by stomach tube as a colloidal aqueous suspension or (b) intracardially

in propylene glycol 1 hour before glving 2 ag,. Ca‘s by stomach tube. 6345
was counted in the left tibla 2 hours after giving the Ca >, In a further
45

emnﬁnhﬁtdnnsmgimamwtzmbefemﬂn& and
the tibia was then removed after a further 3 hours, The results of this



JABLE 3
45
BLASMA Ca _ LEVELS AT VARTOUS TIME INTERVALS AFTER VITAMIN D, ADMINISTRATION
Ca45 was measured in plasma after preparing in_vive ducdenal loops,

Vitamin D, (100 I.U.) dissolved in arachis oil was administered by

stomach tube 5 hours and 16 hours before inserting the C’a‘,‘sCl test

2
solution in the loops. An emulsified form of vitamin D3 (2,000 1.U.)

was added directly to the loop together with the Ca‘sCI when attempts

2”
were made to show an immediate effeci with the vitamin. Each value is

the mean of 4 birds.

Treatment Time of ca®® Copole X 10'3/n1. plasma
treataoent TIME (mins)
(hours) 15 30 45
- - °.$ OOE o..m
D3 0 0.57 0.70 0.75
D, 5  0.60 0.90 0.80

Da 16 1.30 2.5 2.38
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latter experiment are shown in Table 4 and in spite of the highly
unphysiclogical amount of vitamin 03 in circulation, no significant
increase in bone counts was detectsd.

Seme doubt arose as to whether the time lepse between the oral
adsinistration of vitasin D, and the insertion of the Ca'> solutien ints
intestinal segments was sufficient to actually allow the vitamin to
penetrate the intestinal tract. In oxrder to test this hypothesis,
prelimsinary experiments were carried out using a solution of riboflavin
as a fluorescent marker. 2 hours after oral dosing with ribeflavin, the
whole of the smell intestine was split lengthwise and examined for
fluorescence under an ultravioclet lamp. Very little ribeflavin could
be detscted in the upper or lower parts of the small intestine although
considerable quantities were present in the gizzard. Altheugh this may
be considered a crude test for determining the rate of movement of vitamin
03 down the intestine, the evidence does suggest that administratien of
vitamin l.')3 by stomach tube could lesd to a delay in the localisation of
the vitamin at Its site of absorption in the intestine. Kodicek (1960)
has suggested that the maln site of absorptien of vitsmin D in the rat
is the lower portion of the small intestine,

Te eliminate this difficulty, 1,000 I.U. vitamin D3 in propylene
glycol were injected through the intestinal wall of the duodenum. After
2 or 4 hours, Ca"> was placed in isolated distal loops ip vive. The
increases in plasme Ca'> levels obtalned are shown in Figure 14 and indicate
o effect of vitamin 03 after 2 hours but 2 small increase follewing the
4 hour pretreatmsnt with the vitamin.

Further experiments were designed in an attempt to show an



IABLE 4
THE INFLUENCE OF VITAMIN D, ON THE DEPOSITION OF ca® INTO BONE IN
T ME 0 ISTRA

Vitamin D, was administered 2 hours before giving 2 mg Ca'Cl, by
stomach tube. Tibia was removed 3 hours later.

Route of No. of Amcunt D-s Bone Ca‘s

administration bizds Copae X 10%/ashed tibia
% 4 0 3.5 £ 1.24

Intracardial 4 10.“ I.U. 4,2 i 0.50

Oral 4 10,000 I.U. 4,1 + 0,85




Caﬁmmw:adhiplmcfurpnpﬂﬂmmasmm

from rechitic or vitamin Da-trutul chicks, Vitamin na 1,000

1.U. in propylene glycol was injected into the duodemam. Each

point is the mean of 4 birds.,

(o) (o) 4 hours after giving vitamin Da
X X 2 hours after giving vitamin Dy
A— — — A rachitic contrel
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immediate effect on calcium uptake. However, when vitamin D3
(10,000 1.U.) in propylene glycol was sadal X Ca45'Cl2 present in
distal loops in vive or to the mucesal fluid ip vitro (Method E),
there was no observable increase in calcium transpoert.
The influence of n_calcium sport

Since the pH of the intestinal fluids might exert an influence
on the solubility, and therefore indirectly on the absorption of calcium
the pH of the duodenal and distal loop contents was measured in both

rachitic and vitamin D_-treated birds. During the surgical procedure,

3
0.1 ml. fluid was withdrawn by syringe from the respective loops and the
pH measured with a Beckman single-drop electrede. The pH was found to

be 6.9 increasing to 7.2 in the lower regions of the small intestine thus
confirming the recent findings by Coates and Holdsworth (1961). There was

no difference in pH following vitamin D -~treatment.

3
The solubility of some calclum salts varies markedly with the pH
of the environment. It would appear likely that a more acid medium would
promote better absorption of calcium. Initially, attempts were made to
study the influence of this factor on calcium absorption from preparations
of intestine ip _vive in the presence of phosphate buffer. However,
difficulty was experienced with this medium as calcium phesphate precipitated
after a short interval. Instead, 0.2 M citrate buffer together with 4 mg.
calcium was inserted into in vivo duodenal loops. Coates and Holdsworth
{1961) have demonstrated that citrate has no effect on the in_vivo absorp-
tion of calcium in chicks. Figure 15 shows that there was no difference

in plasma Ca45 levels when the lcops contalned medium at pH 4.0 or pH 6.0,



aﬁ

was measured in plasme after prepering in viye duodenal loeps
from rachitic and vitamin D -trested chicks. Loops contained 4 mg.

Ca*> 1n 0.2 M citzate buffer. Each peint is the mesn of 4 birds.

a A vitamin D,-treated pii 4.0
Ko —— X rachitic pH 6,0
(¢ ] Q.  rachitic pH 4,0
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The influence of amino acids of calcium absorption
Wasserman, Comar and Nold (1956) have examined the effect of

various amino acids on calcium abserptien 1n the rat and have shown that
lysine and arginine can promote a two-fold increase in mineral absorption.
The influence of lysine appeared independent of the vitamin D effect as
the combined effect of lysine and vitamin D could be attributed to the
sum of the effects of the individual components. Further investigations
on the effect of amino acids on calcium absorption revealed an interesting
species difference (Wasserman, Comar, Scheoley and Lengemann, 1957) .
Orally administered lysine and arginine did not influence the abscorption
of calcium when tested in the rachitic chick.

In view of these interesting findings, calcium absorption from
in vivo duodenal loops of rachitic chicks was studied in the presence
of 10 mg. L=lysine or 10 mg. L-arginine. Table 5 summarises the results
of this experiment. There was no increase in the level of plasma Ca45
after administering these amino acids.

The effect of vitamin D3 on the transport of ether ions.

(a) Phosphate transport. The medium introduced into the

duodenal loops in vive was modified to include 1 mg. P3%34 (10 pe. P32)

and unlabelled calcium and the absorption of the phosphate ion was followed

3

by counting the totzl P 2 in whole blood. The results from rachitic and

vitamin Ds-treated chicks are compared in Table 6. A small increase in

32 in the blood was observed, The residual P32 in the

the amount of P
lcop at the conclusion of the experiment was alse counted, but no significant
effect of vitamin D3 could be detected. Normal values for calcium absorp—

tion were recorded during this experiment, being 16% for the rachitic



0345 was measured in plasma after preparing duedenal leeps in viwe

from rachitic and vitamin Fé-tmud chicks. 10 mg. amino acid

was inserted together with C:a“E"CI2 into loeps prepared in rachitice
chicks. Each value represents the mean of 6 birds.

"

Treatment ca®™ c.pm. X 107/m1. plasma
TIME {mins)
1% 30 45
- 0.48 0.67 0.
D, 1.46 1.96 1.7
L-lysine 0.5% 0.82 0.75

L-arginine 0.60 0.65 0.69




IaBLE 6
ON_PE UPT,

The P2 centent of whole blood was measured at intervals after

inserting 1 mg. P 0, 1nte 48 vivo duodensl lesps of rachitic
and vitamin D -treated birds,

Treatment No, of  P°2 c.pem. X 10™/ml. blood

birds : TIME (mins)
10 20 30 120
D 6 3.8 4,31 2.40 3.08
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duodenal 10op and 48% with loops from the vitamin D -treated group.
(b) Sedium trapsport. Attempts were made to study the

sbsozption of sedium by the ip vive isolated loep technique (Method A).

When however 1.0 ml. lsotonic saline (labelled with Na>2) was placed

into duodenal loops, abserption took place so rapidly that it was

impossible to detect differences in uptake or to obtain reproducible

results, For this reason duedenal loops were perfused jp viye from

a reservolr containing 10 ml. isotonic saline containing Na22 (Methed C).

The data in Table 7 chow that the transpert of sodium was not affected

by vitmmin D_. When Nazz was neasured in the perfusion fluid after

3
45 mimctes.it was estimated that approximately 35K of the initlal Ka’2

had been absorbed.
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0] N ON SODIUM PO
The lla22 content of whole bleod was measured after perfusing
duedenal loops of rachitic and vitamin 93 treated chicks with

na%c1, in vive.

22 -3

Treatment No. of Na““ c.p.m. X 107 /ml. blood
birds TIME (mins)
10 20 4%
- 12 1.12 1.94 6.04
D 12 1.30 2.02 6.11
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PABT 11}
THE INFLUENCE OF VITAMIN D2 AND DIHYDROTACHYSTEROL ON CALCIUM TRANSPORT.
RESULIS
The influence of vitamin D2 on calcium absorption was studied
after giving a test dose of Ca45612 to ip vivo isolated duodenal loops

from small intestine of rachitic and vitamin D-treated birds. The rise

45

in level of circulating Ca ~ in the blood subsequent to vitamin D-~treat-

ment is shown in Figure 16 and indicates that on an equal weight basis,

vitamin D2 in comparison to vitamin D3 had only a slight effect on calcium

uptake, Only with large unphysiological doses of vitamin D
5

2 could the

plasma level of Ca4 be raised to a value similar te that obtained with

100 I.U, vitamin 03.

The apparent lack of any striking increase in calcium uptake
following treatment with 2.5 pg. vitamin D2 would suggest that the relative
inertness of this substance was associated with the structure of the side-
chain. If this hypothesis were cerrect, then vitamin D2 might well act

as an antagonist to the functioning of vitamin D When chicks received

3.

250 pge. vitamin D, and 2.5 pg. vitamin D3 together in 0il 16 hours prior te

2
the test, there was no significant alteration in the level of plasma Ca45

from that obtained with the group receiving the vitamin D3-treatment alone.

Ihe influence of dihydrotachystercl on calcium absorption
Albright, Bloomberg, Drake and Sulkowitch (1938) have demon-

strated an increased calcium absorption from the gut and an increased
phosphorus excretion in the urine when patients suffering from hypopara-
thyroidism were treated with AT-10. 1In this respect, AT-10 is con-

sidered to have the same fundamental action as vitamin D. However,
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Ca ~ was measured in plasma after preparing in vive duodensl loops.

Each peint 1s the sean of 4 bisxds in s typical experiment.

o= == =X rachitic

Py @  Vvitaain D, (2.5 pg.)

A— — — A  vitesin D, (2.5 mg.)

A—:—.—A  vitamin D, (250 pg.), vitamin D, (2.5 pg.)
O  vitamin D, (2.5 pg.)
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AT-10 in contrast to vitamin D, had very little antirachitic potency.

When AT-102 (2.5 pg) was given orally to rachitic chicks 16
hours before the experiment there was a marked increase in the plasma
ca™> level (Figure 17). The response to AT-10, however was not as
great as with vitamin D3 when comparison was made on an equal weight
basis. When the dose level of AT-102 was increased to 10 pg. then
plasma Ca45 levels were comparable to those obtained from chicks which
had received 2.5 pg. vitamin 03. No further increase in calcium absorp—
tion was observed when larger doses of AT-102 were administered. If
the deposition of Ca45 in bone was taken as a measure of activity, the
the results in Table 8 show that A‘T-].O2 was more active on a weight
basis than vitamin DB'

In earlier experiments it was noted that vitamin D, was

2
relatively ineffective in ralsing plasma calcium levels in the chick.

An explanation for this observation might be postulated on structural
grounds. If the structure of the side-chain were of prime importance
to the process of calcium transport, then AT-IO3 should be more active
in this respect than AT-102. The previous experiments were carried out
with a sample of AT~102 from Lights. To compare the effect of AT-102
and AT-103 on calcium absorption, crystalline samples of these compounds
were obtained from Philips-Roxane and this material has been used in the
following in vivo and in vitro experiments.

AT-103, when given by mouth 16 hours prlor to studying calcium
absorption from in vivo duodenal loops, was found to possess the same
activity as AT-10, (Table 9). Both AT-10,, and AT-10, were ineffective
in increasing calcium uptake when given at a level of 2.5 pg. intra-



c:‘smmﬂlaplmaﬁmwmﬂumw lsops.

The mmber of birds is given in paremthesis,

A—— A
o———0
A
X X
0— ——0

rachitic
2.5 pge. A‘l‘-102
10 pge. AT=10
100 pge AT=1
2.5 pge vitamin D

(s)
(e)
(4)
(9)
(e)
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The substances were given by mouth 16 hours before preparing in yiwve

duodenal leops. Tibia were removed after 2 hours. The figures
represent the values of 4 birds,

Treatment np ca®
Cepelie X 107 /ashed tibia

- 2,45 + 0.31
2.5 pg. D, 6.50 & 0.90

10.0 pg. AT-10, 12.83 & 3.50




The compounds were given either orally in oil 16 hours before the

experiment or intracardially in propylene glycol 1 hour prior to
studying calcium absorption.

after preparing jp yiyp duodensl loops.

Plasma Ca‘s

levels were megsured

Treatment No. of  Co®® c.pem. X 10~/ul. plasma
birds TIME (mins)

15 30 45

- 8 0.72 0.80 0.85

D, {orally) 8 2.50 3.00 2.83

AT-10, (oxally) 4 2.20 2.35 2.40

AT-10, (erally) 4 2.33 2.42 2,45

AT-10, (intracardially) 4 0.76 0.83 0.77

AT-10, (1ntracardially) 4 0.63 0.86 0.96
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cardielly 1 hour before inserting the Ca*Cl, iate the duodensl loop.
In vitze studies (Method E) with everted distal segments of intestine
obtained 16 hours after treatment of the chicks with 2.9 pg. ar-mz or
2.5 pg. Al',-103 indicatsd that these substances were equally active in
increasing calcium accumulation in the seresal fluid (Figure 18).
However, the smcunt of Ca‘s

sacs from these chicks showed only a twofold incresse over the

accumulated in the serosal fluid of gut

rachitic group, whezeas a fourfold increase was ebtained after treat-
ment with vitamin Ds.



Am”mmu&omxﬂuddmﬂsmm
of small intestine aftar 1 hour. Histograms zepzesent the
uean of the uptake from 6 sacs.

Blecked rachitic
Blank vitamin 03
Disgonal hatched A'r-102

Cress hateched A'l'-103
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RISCISSION

Several techniques have been described for studying calcium
abserption from the small intestine. Wwhen given in small amounts to
rachitic chicks 16 hours earlier, vitamin D:3 stimalated a marked increase
in the amount of calcium absorbed from the small intestine both ipn viye
and in vitre. The ability to measure ip Yiwg such changes in calcium
transport enables a much more physielegical approach to the manner in
which this ion is transported, as both the blood supply and the absorptive
mechanisa remain intact.

It is obvious however, that the jp_vive methods described are
time censuming and this seriously limits the number of birds which may
be examined in sny one day. Rachitic and vitamin D -treated (100 I.U. -
16 hours) chicks were included in all experiments to establish accurately
the D /rachitic ratio for the particular batch of chicks under study.
Although this ratio itself was relatively constant, the level of radio-
activity in the plasma varied according to the age and rachitic condition
of the birds. Coates and Heldsworth (1961) have alse peinted cut the
{mportance of feeding conditions during the experimental perioed.

#hen intestinal segments were perfused ip yiye using a gas—flow
technique (Method B), the results were not consistently reproducible.

On occasions, small tissue particles accumulated at the glass pore of the
vessel and caused irregular movement of fluld through the gut, There
was also s marked tendency for frothing with this type of system. Beth
these hazards were however eliminated when clirculation was controlled by
a peristaltic pmp. A constant flow was ensured and the absence of
constrictions allowed the free passage of any selid material which might
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be present in the perfusing fluid.

The importance of an in _vitro technique for studies on calcium
transport was manifest frdm an early stage. Beyond demonstrating the
dependence on vitamin D, previous studies ip vivo gave little information
concerning the transport mechanism and the mode of action of vitamin D in
this process. Attempts were therefore made to provide a system whereby
isolated segments of intestine could be readlily examined. Although it
was possible to demonstrate an effect of vitamin D on calclum transport
using a modified form of the apparatus described by Salomon and Johnson
(1959) (Method D), differences previously noted with simlilar studies
in vive were not observed under these conditlons. This loss of
'sensitivity' in the test system made preliminary studies with metabolic
inhibitors extremely difficult to interpret.

During this phase of the work, Harrison and Harrisen (1960)
published a report describing a method for studying calcium transpert
in everted sacs of rat small intestine. When this technique (Method E)
was applied to similar investigations in the chick it was found to be
entirely satisfactory and reproducible results could be obtained.

Numerous investigators have studied the influence of vitamin D
on the in vivg absorption of calcium in the rat (Greenberg, 1945;
Harrison and Harrisen, 19513 Linquist, 19523 Nicolaysen and Eeg-Larsen,
19533 Carlsson, 1954, a). Calcium uptake from the small intestine is
increased, deposition of calcium in bones occurs and there is a marked
rise in the plasma calcium level. More recently these in vivo results
have been confirmed and extended by in vitre experiments using isolated
everted segments of rat small intestine. In many respects, rats do not

seem very suitable for work related to vitamin D and calcium metabolism
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as rickets can only be preduced if these animals are fed en a diet in
which the Ca/P ratios have been grossly altered. Further, rickets se
produced can be healed simply by restering the ratios te those found in
tﬁe natural diets even without vitamin D. Dietary factors are known te
exert a major influence on the results of such experiments. Often the
data may be difficult to interpret, due to this interplay of dietary
effects and vitamin D action,

These factors may acceunt for the variable results reported
by Schachter and Rosen (1959). When calcium transport was studied
in vitro with everted sacs of small intestine, ca®> was transferred
from the outside (mucosal) medium te the inside (serosal) medium. The

0345

cencentration ratio inside medium / outside medium was expressed

as 1/0. In their early experiments, rats were fed a vitamin D-free
diet centaining a low P, high Ca ratio and these animals developed rickets
in 14 days. The final I/0 for control animals varied from 5.2 - 3.2
and active transpert could only be shown to eccur in the proximal one-
fifth section of the small intestine. Heowever, a more recent invest-
jgation (Kimberg, Schachter and Schenker, 1961) indicates that when rats
were fed a low Ca, high P diet, rickets was not observed within the same
time period, the I/0 was 2.0 and active transport could be demonstrated
in all parts of the small intestine. Schachter, Dewdle and Schenker
(1960 b) have also emphasised the great variatien in results ebtained
with everted gut sacs prepared from rat small intestine. These authers
state that "the gut-sac preparation is limited in its usefulness by the
variability in calcium transport among gut sacs from different rats and

from different segments of the intestine in the same animal.”
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Many of these difficulties are eliminated when chicks are
used for experimental studies of this nature, as was recently shown by
Gershoff and Hegsted (1956). Further, the duedenal leop of the chick
is of uniform size and allows reproducible lengths of tissue to be
studied. The chicks used for the present investigations became rachitic
after 18 days on a diet caontaining approximately 0.8% Ca and 0.4% P, and
this diet was complete with the exception of vitamin D. The experiments
described in this chapter indicate the ability of the rachitic chick te
respond to a low level of vitamin D, (100 I.U.). Coates and Holdsworth
(1961} have recently shown that calcium absorption can be restered te
levels approaching that im normel birds 16 hours after giving 100 I.U.
vitamin Dys and 1s in contrast to the large umphysiolegical amounts of
vitamin 0.2 normally used in rat experiments,

Cslcium absorption was observed to take place in the small
intestine and the action of vitamin D could be demonstrated by beth
dn ylye and in viixe techniques., This is the first direct evidence
that vitamin D, can influence calcium transpert by lp vitre preparations
of chick small intestine in a manner simlilar to that observed in vive.

The jn yvive abserption of calcium frem a leop of chick small
intestine was studied by measuring the disappearance of calcium from

the loop or, by the appearance of Ca‘s

c:"’

in the plasma eor by csunting the
in bone ash at the conclusion of the experiment. With distal loops
from rachitic chicks only 8% of the initial 4 mg. calcium was absorbed
but this was increased seven—-fold to 56X when 100 I.U. vitamin D, was
given 16 hours earlier. With duodenal loops the increase recorded was

enly three-fold (16% to 48%). It was interesting to note, however, that
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the vitamin D ~treated distal loop gave only 17X better abserption

than similarly treated duodenal segments. This finding is in agree-
ment with the work of Coates and Holdswerth (1961) who have suggested
that calcium absorption takes place along the entire length of the small

intestine. Similar increases were found when Ca‘s was oeasured in

plasma. The absorbed Ca'>

was also depesited in bone giving a D:/
rachitic ratio of 5/1 when using distal loops.

The trins;:ort of calcium obtained with segments of intestine
jo yitre is qualitatively similer to the reported findings 1a yiwe. The
amount of calcium transported was assessed to be the amount appearing in
the seresal fluld ef the everted loep since this is more comparable to
measuring sexum calcium jn yive. At the usual dosage of 100 I.U.
vitamin D, 16 hours before the experiment the ratio Da/rachitic in distal
loops was 3.5/1. When 2,000 I.U. vitaain D, was given over 2 period of
48 hours in an experiment designed to measure the maximum amount of calcium
that accusulated in the tissue and sexesal fluld, the ratie Da/rachltlc
was increased to 7.6/1. The greatest transport was obtained with distal
loops, smaller amounts being transported by the middle and duodenal seg-
ments respectively. Schachter and Resen (1959) and Schachter, Dowdle
and Schenker (1960 a) have reported similar findings for the hamster:
everted gut sacs of hamster ileunm and duodenum transferred the calcium
against concentration gradients but in contrast to rats, calcium transport
in the hamster was greater in the ileun than in the duodenum,

The rather constant amount of calclum bound by the mucosal cells
from each of the three equal segments of intestine suggests that calecium
may be saturating a combination of tissue-binding material (e.g. protein)
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and a calcium carrier system, The incresse in the binding of the
caleium after giving vitamin D, may be due to the increase in both these
mechanisss but more probably to an increase in the carrier system. A
more rapid rate of calcium turmover seems to eccur with the distal pertlion
of the intestine, leading to a greater transfer of calcium te the seresal
fluid.

Beth ip vive and in vitre the greatest effect of vitamin D,
has been obtained with distal loops and fox many purposes the use of
this tissue for studying calcium absorption was the more sensitive
technique. If only ip vitze studies had been made it would have been
easy to conclude that in the chick the greatest amount of absorptien
takes place in the distal part of the small intestine. However, the
in vive results show that the duadenal portion frem vitamin 03-trc¢t.d
chicks is enly slightly less effective than the distal segment and
suggests that under natural cenditions calcium absorption takes place
effectively along the entire small intestine, Although it has been
established in the rat that the proximal fifth of the small intestine
is very largely responsible for calcium uptake jp vitre, Kisberg et al.
(1961) have shown that calcium absorption can take place along the entire
small intestine,

Attempts to show an immediate effect of vitamin 03 on calcium
absorption by having the vitamin present as an agueous colloidal suspension
either in loops in the live bird or added to the mucesal medium jp vitre
were unsuccessful. Coates and Holdsworth (1961) and Dowdle et al. {1960)
with similar experiments have also been unable to ebtain any respense.
The shortest time period for which it was pessible to show a positive
effect with vitamin D, was 4 hours. A recent report by Harrison and
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Harrison {1960) indicates that in rats given 1,000 I.U. vitamin 02
there is a time lag of 4 to 10 hours before an effect can be seen,
It is suggested however that this time lag may be shortened when a
mich larger dose e.g. 50,000 I.U. is given.

The intracardial method of administration ensured large
circulating levels of vitamin D3 in the blood and would thus eliminate
any time lag due to slow absorption. That there is a time lag before
the vitamin can be shown to influence calcium transport would suggest
that either there is a change in the mucosal cells themselves or that
vitamin D3 is converted into a more active form or indeed that both
these transformations are necessary.

Other factors were considered that could have an important
bearing on calcium uptake. .The pH of the duodenal and distal loop was
measured and confirms the recent findings of Coates and Holdsworth (1961).
The solubility of calcium phosphate is very low under physiological
conditions of pH and ilonic strength and thus it would appear that unless
its solubility is altered by some unknown factor, the calclum must remain
insoluble as the phosphate. The presence of a more acid medium in the
duodenal loop did not influence the absorption of calcium.

Lehmann and Pollack (1941-42) have suggested from indirect
evidence that amino acids can promote calcium absorption by virtue of an
increased solubility of calcium in their presence. Wasserman, Comar,
Schooley and Lengemann (1957) however, do not believe that such a con-
cept is tenable in view of the distinct species difference in the ability
of these substances to promote calcium absorptien. They point out that

the general environmental conditions in the intestinal tract of both the
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rat and the chick appear to be similar (Dukes, 1955).

The addition of L-lysine or L-arginine to leops containing
é did not incresse the plasma Ca'°

These results are in agreement with the findings of Wasserman et al.

ca®c1 levels in rachitic chicks.
(1957) and are in direct contrast to results from similar studles with
rats (Wasserman, Comar and Nold, 1956). The latter workers have
suggested that the response in rats is brought about by the influence
of these amino acids on the metabolism of the intestine.

It should be pointed out however that under the conditions of
the test in these present studies the true effect of the amino acld may
not be readily demenstrable as the calcium is already preseat in a
soluble form. Amino acids present under natural conditions could per-
haps influence the solubility and hemnce the absorptiom of calcium in the
manner suggested by Lebmann and Pollack (1941-42).

The vitamin Ds-effect appeared to be relatively specific to the
transport of calcium ions. Sodium transport in vivo was not influenced by
vitamin I‘J3 and this finding gives support to results obtained frem s
similar type of jn vitro study (Harrison and Harrison, 1960). Similerly,
phosphate transport jn vivo was not greatly altered after vitamin D ~treat-
ment. Although there was possibly a small effect of vitamin Dy in raising
the plasma phesphorus levels, this was negligible in comparison to the
effect of vitamin D3 on calcium absorption under similar conditions, so
that vitamin D3 does noet appear % be primarily involved in the transport
of the phosphate ion. Nicolaysen and Eeg-larsen (1953) also suggest that
any effect of vitamin D on phosphorus absorption must be considered
secondary to its effect on calcium transport.
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Carlsson (1954 a) has observed from jp vivp studies an improved
absorption of phosphorus under the influence of vitamin D, but he be-
lieves that this effect is probably indirect and that it depends upon an
increased absorption of calcium. In more detailed studies ip yitro,
Harrison and Harrisen (1961) have also concluded that vitamin D can
influence phosphate absorption, providing calcium lons are present,

The value of AT-10 in promoting calcium absorption and in
curing rickets has become a controversial issue. Albright, Blooumbarg,
Drake and Sulkowitch (1938) and Albright, Sulkowitch and Bloomberg (1939)
from clinical observations, could find no evidence to suggest that AT-10
could cure rickets, despite the observed imcrease in calcium absorption.
These workers postulated that the primary effect of AT-10 was not on
calcium absorption but rather on phosphorus excretion (im contrast to
the vitamin D effect), which they .wggost, could explain the difference
in antirachitic potency observed between these two compounds.

Shehl, Fan and Farber {1939) have interpreted their results as
being in agreement with this hypothesis. These workers found that
AT=10 could provide a more effective cure for rickets in rats if the
phosphorus intake was high and the calcium was low. Correll and Wise
(1942) demonstrated that large doses of AT-10 could heal rickets in rats
and chicks and that the effectiveness of AT-~10 in chicks was much greater
than vitamin Dz. In more recent investigations, Carlssen and Lindquist
(1955 b) compared the value of AT-10 and vitamin D in curing rickets in
rats and they found that the dose of AT-10 required to cure rickets was
mich higher than vitemin D,.

2
Dowdle et al. {(1960) have compared the effectiveness of vitamin
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D,e vitamin D, and AT-10 on calcium transport in vitre, using everted
sacs of rat small intestine. AT-10 increased the amount of calclum
transperted sbove that shown by vitemin D2 and vitamln D3. The present
investigations with chicks also demonstrate the effectiveness of AT-10
in incressing calcium transport both in ylve and in vityp. In a review
on calcium metabolism, Nicolaysen ard Eeg-Larsen (1953) have stated that
AT=10 has less effect than vitamin D on calcium absorption. The present
findings suggest however that on an equal weight basis, AT-10 is enly
slightly less effective than vitamin D, in pressting calcium abserptien.
However, in relation to calcium deposition in bone AT~-10 would appear
much more active than vitamin Da.

Vitamin 92 was found to have only a small percentage of the
activity of vitamin D,. This confirms a previous report by Bills (193%).
The structural difference between these two vitamins lies in the side-chain
at Cl.’ {Figure 1)s A'l'—102 (side-chain like vitamin 1)2) and AT-IOa (side-
chain like vitamin Da) are both equally as active in increasing the
absorption of calcium in the chick. These substances are only slightly
less active than vitamin D, when tested jn ylye. However, the results

suggest that caution is necessary when interpreting the effect of AT-10

on calcium metabolism. Ca'>

compound can be deposited in the bone (Table g) and yet the same batch
of AT—102 showed an activity of less than 1 1.U. when tested for anti-

absorbed under the influence of this

rachitic potency in chicks (Dr. M.E. Coates, N.I.R.D., Shinfield, persenal
commnication). ’

It does appear unlikely that the influence of the side-chain is
functionally impertant to the transport of calcium, However, the change
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Jo vive and in vitrg systems for observing calcium transpert
by chick small intestine have been described. All systems demonstrate
a marked increase in calcium transpert in rachitic birds given 100 I.U.
vitamin 03 16 hours previsusly.

The small intestine has been examined for the site of maximum
absorption of calcium. Calcium transport occurred along the entire
length of the small intestine, but it was found that the distal loop
was a more sensitive system for demonstrating the influence of vitamin
03 on calcium uptake.

16 hours were reqiired between the oral administration of
vitamin D and the glving of Ca’Cl, in order to stimilate a maximm
responte, There was no evidence to suggest vitamin 93 could produce
an immediate increase in calcium uptake. The minimum time required
appeared to be 4 hours. Large deses of vitamin Da given intraveneusly
were without effect in the short period they were studied,

Calcium absorption from duodenal loops was unaffected by a more
acid pH thsn that found under natural conditiens.

L-lysine and L-arginine did not premote a more efficient uptake
of calcium from duodenal leops of rachitic chicks.

The transport of sodium and phos;/;hate- lons in rachitic chicks
was not affectad by the presence of vitamin D‘a.

‘Hhen vitamin D, (2.5 pg.) was given at the same dese level as
vitamin D, (2.5 pge) there was little stimulation of calcium absorp-
tien. Much larger amounts (2.5 mg.) were necessary to produce a

plasma calclium level comparable to the vitaain DS-treatod bixds.



60

8. Beth AT-10, and AT-10, were equally ae effective in premsting
calcium sbsorption both jn vive and ia vitte. When cempared te
ﬂmnsnamwthsas,mwmm“uﬂ,h
1n presoting sbsexpticn of Ca'> es measured by plasms Ca'> levels.
Howerver, n-whmﬂmpumba.mhdamh
influence an the depesitien of Ca™ ia bene tiMa.
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CHAPTER 3
CALCIUM METABOLISM IN RELATION TO VITAMIN D, AND ADRENAL FUNCTION.
INTRODUCTION

The conclusions of the previous chapter, and the work of other
investigators (Lindquist, 19523 Harrison and Harrison, 19603 Coates and
Holdsworth, 19613 Schachter et al. 1961) suggest that before vitamin D3
can produce an effect on calcium absorption it must first of all undergo
a change to a more active form. The greatest amount of vitamin D activity
is normally found in the liver (Kodicek, 1956 a) and thus it would seem a
logical place to explore for the modified forms of the vitamin.

However, Cruickshank, Kodicek and Armitage (1954)have demon-
strated that, 48 hours after the giving of an oral dose of vitamin D to
rats, the adrenal glands contained this substance in a concentration
approaching that found in the liver. Raoul and Gounelle (1958) have
also reported finding 80% of the initial dose administered to rats in
the adrenal gland within 30 minutes., More recent work by Kodicek,
Cruickshank and Ashby (1960) using Cl4-labe11ed vitamin D, did not support
this claim, as only 1% of the vitamin could be located in the adrenals
after 20 minutes. These reports suggested that the adrenal gland could
play an important role in regulating calcium metabolism. Hypertrophy
of the adrenal cortex has been observed when birds were maintained for
long periods on calcium deficient diets (Urist, 1959).

The effects of cortisone on calcium metabolism have not yet
been thoroughly investigated. Cortisone is known to increase calcium

excretion in the urine and faeces (Irving, 1957). In patients suffering
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a hypsrcalcasmia from sarceidosis or from a hypervitaminetic condition
caused by toxic deses of vitamin D, Anderson, Dent, Philpot and Harper
(1954) found that certisone could mastore to normal these elevated levels
of serum calcium. Fanconi (1956) has alse reported on the beneficial
effect of cortisene in cases of hypercalcaemia. Thus, certisene is
regarded as a specific antidote for vitamin D pefsening (Dent, 1956)
and Andersen et 21 (1954) have pestulated thzt coxrtisone acts as an
antimctabolite to vitasin D. Rats, however, do not show a similar
response to cortisone treatment, as wes recently pointed out by Kodicek
(1956 b), who in collaboration with Cruickshank ceuld find no evidence
to suggest that cortisone was acting ss an antimetabolite (Cruickshank
and Kodicek, 1958). These latter workers suggested that cortisone
may act by altering the metabolism of certain tissues on which the
vitaain appears to exert its influence.

Evidence is presented in this chapter which offers an explanation
fer the action of cortisel and a number of other stereids in regulating
calcium balance. The results may best be interpreted by assuming that
the adrenal cortex is concerned in the change of vitamin D3 to its active
carrier form., Although no attempt has been made to critically examine
the influence of the parathyroids on calcium metabolism it was of interest,
in view of the lmpertant interrelationship existing betwesn the parathyreoild
and the adrenal gland, to study the influence of a parathyrold extract on
calcium abserption. These findings have alse been included in this
chapter,.
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MATERIALS AND METHODS

The influence of adrenal steroids on calcium metabolism was
examined using in vive isolated loops (Method A) and in vitro everted
sacs (Method E) of small intestine. Ca45 was measured in plasma as
previously described (P 27, (a) 1). Unless otherwise stated, chicks

receiving vitamin D ~treatment were given an oral dose of 100 I.U.

3

vitamin D, 16 hours prior to preparing the segment of intestine. Chicks

3
receiving only vitamin D3-treatment as described above are referred to
as the vitamin 03 control group.
Short~term administration of steroids

The steroid to be studied was given as an intracardial
injection (0.15 ml.) 1 hour before the calcium test.
Long-term administration of stereids

Rachitic chicks were given an intramuscular injection (0.15 ml.)
of the steroid daily for 3 days. On the evening of the third day, the
usual pretreatment with 100 I.U. vitamin D3 was given, Calcium uptake
from the intestinal segment was studied on the fourth day after commencing
steroid treatment.
2,p-DDD

1-(2-chlorophenyl)-1-(4=chlorophenyl)—~2,2-dichloroethane
{0,p-DDD) was obtained from the Aldrich Chemical Co. Inc., Wisconsin,
U.S.A. For administration, gelatin capsules containing 50 mg. crystalline
0,p~DDD were given by mouth over the required time period. Control groups
received empty capsules under the same conditions.

Steroids

Crystalline cortisol and ll-deoxycorticosterone (DOC) were
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obtained from L. Light and Ce. Ltd. (Colnbrock, England). The follow-
ing sterelds were kindly provided by Dr. Felkers of Merck, Sharp and
Dohme Research Laboratory, New Jersey, U.S.A.: aldosterone-2l-acetats,
%~fluere-1,4-pregaadiens 118, 16, 1%, 21-tetrel-3,20-dtone (A~
Q-flusye~léa-hydiroxy-bydrocortisone)s 9a~fluore,4-pregnene-118,17%,
2l-triel~3,20-dione, 21l-acetate; (Su~fluerohydrocertisone acetats);
1,4-pregnediene~113,1%-21-triel-3,20-dfene (Al-cortisel). Fer intra-
cardial or Intramuscular injection, the stereids were disselved in
ethanol/propylene glycel mixture, the final concentratien of ethanol
being less than 0.5¢, Contrel groups not recsiving steroid were treated
wlith the appropriate amount of wehicle.
Eschatin

A standardised extrect of the adrenal certex was a product of
Parke, Davis and Co., Detroit, Michigan,
Para id

The product used was a standardised s?lntian of parathyreid
extract from beef glands prepared for injection by El1 Lilly and Co.
Indlanspelis, US.A.3 its activity was not less than 100 U,S.P. parathyreid
unitis per al.
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RESULTS
e influence of act on calcium abso

Eschatin - a purified natural extract of the adrenal cortex,
was tested for its effect on calcium absorption in the chick. An
intracardial injection of O.1 ml. Eschatin was given 1 hour before the
Ca45C12'was placed in in vive duodenal loops of rachitic and vitamin D -
treated chicks. The calcium absorption was studied by following the
level of circulating plasma calcium at varying time intervals and
Figure 19 presents these results. The adrenal extract stimulated a
small increase in plasma calcium above the level shown by the vitamin D3
control group. A relatively larger stimulation of uptake was observed
in rachitic chickse.

Cortisol and vitamin D

Calcium absorption studies with cortisol indicated that the
results were profoundly affected by the conditlons of pretreatment with
cortisol before the application of the in_vive calcium uptake test. It
has, therefore, been convenient to group the results according to the
time period of pretreatment with cortisol,

Short-term administration. Cortisol (500 pg.) was given
intracardially to both rachitic and vitamin D,-treated chicks 1 hour before
inserting the Ca45C12 into ip_vivo duodenal leops. A marked increase in
the level of circulating calcium occurred with the cortisel group receiv-
ing in addition vitamin D3. as compared with the control group receiving
the vitamin alone (Figure 20). The level of plasma calcium from the rachitic
group remained unchanged following the cortisol injections these values

have been omitted from the figure to avoid unnecessary confusion with the
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0.1 ml. adrenal extract (Eschatin) was glven intracardially. Each
point is the mean of 7 birds.

DN — — —A Eschatin treated vitamin Ds-dascd chicks

O  vitaaln D ~dosed controls

o @ Eschatin-treated rachitic chicks

X X rachitic controls.



80y

I
(&)
e

. : 4. 2-
WSY1d .E\p.o.xu.z 'd )

30 45

MINUTES.

15

TIME



c‘-ﬁ

was seasured in plasma sfter preparing g viwg duodensl
loops. #ith short~term treatment, chicks were given 300 pg.
fatracardislly. long~term trestment was by intramuscular
injection of 2 ag./dsy for 3 deys. Number of birds given

in parenthesis. Hot included on figure are the sffects of
cortisol on rachitic chicks for short oxr long-tarm, since
these results were not significently different from the
rachitic contrels,

Q— —— (@ cortisol short-term with vitsain D ~trested chicks (13)
A —— A vitmin D-treated controls (23)

O— — = cortisol long-ters with vitamin D ~trested chicks (10)
A——A mzmﬁma3¢mmm1mhm

the test (4)

W = Y rachitic contrels (23)
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legends, A small, but possibly significant increase in plasma Ca45
was recorded when both cortisol and vitamin D3 were given intracardially
to rachitic chicks 1 hour before inserting the Ca45b12 solution into the
duodenal loop.

Further data in support of these findings are summarised in

Table 10. Vitamin D, stimulated a threefold increase in calcium absorp-

3
tion, 52% of the initial calcium being absorbed from the segments after
2 hours while in the untreated rachitic group the corresponding value
was 17%. However, in the presence of cortisol, calcium uptake was in-
creased to 62% with the vitamin Da-t:eated group. There was no significant
effect on the absorption from rachitic chicks when cortisol alone was given
intracardially. Ca45 measurements from ashed tibia confirmed that de-
position of Ca45 was greater in vitamin D3-treated chicks receiving
cortisol (32.7 X 10? C.pem.) than in the vitamin D, centrol group
(27.8 x 10% CepsM.)s Again, a small increase in both the absorption
of Ca45 from the loop and also the deposition in the bone can be shown
for chicks given vitamin D3 and cortisol at the same time,

The influence of short-term cortisol treatment on vitamin D

3
treated birds was also studied with in vitro everted distal sacs of
small intestine. The results which are summarised in Table 11 indicate
that cortisel had no significant effect on calcium transport in vitro
when given in short-term experiments.

nis lon. Rachitic chicks received 2 mg.
cortisol dally for 3 days in the manner described above and calcium
absorption was then studied with in vivo isolated duodenal loeps. A

marked decrease in circulating calcium was observed in the plasma of

chicks treated with cortisol as compared with the usual plasma calcium



In short-term experiments 500 pg. cortisel was given intracardially

1 hour before the calcium test. Leong-term treatment consisted of an
{ntramuscular daily dose of 2 mg. cortisol over a period of 3 days.

The vitamin D -treated chicks, with the exception of that group re-

3

ceiving both cortisol and vitamln D3

given 100 I.U. vitamin D, 16 hours before the test. Control groups

1 hour before the Ca45C12, were

received only the vehicle. Uptake and deposition of 0345 was measured
2 hours after commencing the test. The results of each group are

expressed as the mean of 4 birds.

Route of cortisol Time perioed D ¥ calcium Bone deposition
administration of cortisol (?,U.) absorption c.p.me. X 1

dosage ashed‘ tibla
- - - 17 10.5
- - 100 52 27.8
Intracardial 1 hr. - 16.5 9.7
Intracardial 1 hr. 100 62 32.7
Intramuscular 3 days - 16.0 11.1
Intramuscular 3 days 100 45 23.7
Intracardial 1 hr. together 100 22 14.0
with D

3




Cortisel (500 pg.) was injected intracardially into vitamin Ds-treaud
birds 1 hour before measuring calcium transport. Everted sacs of

distal small intestine were prepared from rachitic and vitamin 03-
treated chicks,

Treataent No. of 455erosa1 -3
birds Ca ™ ce.pems X 10
accumulated/hour
Dy 6 8.740

03 + cortisel 6 8,424
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level obtained with chicks similarly treated with vitaminm D3 but receiv—
ing no cortisol (Figure 20). Cortisol given under these conditions had
no effect on calcium absorption in the rachitic control group.

These findings are emphasised in Table 10 where the percentage
absorption of calcium is recorded. Calcium absorption, evaluated as 52%
for the vitamin D3 control group, has been reduced to 45% by long-term
cortisol treatment. Similarly, deposition of C345 in bone has decreased
from 27.8 X 10° c.p.m. with vitamin D, alone to 23.7 X 10 c.p.m. from
chicks receiving both cortisel and vitamin D3.

Effect of mineralocorticoids

The possibility that steroids possessing mineralocorticoid
activity can influence the metabolism of cations other than sodium and
potassium has never been fully established. It was of interest, then,
to study the influence of ll-ceoxycorticosterone, aldosterone-2l-acetate
and several synthetic steroids in premoting calcium absorption from the
small intestine of the chick.
11-deoxycorticosterofie

The effects of this steroid are also dependent upon the
conditions used in respect to its administration.

Short-teym adminjstration. When 500 pg. DOC was given intra-
cardially 1 hour before inserting 0342312 into in vivo distal loops of
vitamin D3-treated chicks there was a considerable increase in the plasma
ca® level above that shown by the vitamin D, control group (Figure 21).
When DOC was given in a similar manner to the untreated rachitic chicks,
no increase in circulating Ca45 was observed. These findings are similar

to those obtained from studies with short~term cortisol administration,



Ca® was msssured in plasme after preparing ia yive distal leops.

S00 pg. DOC was given intracardially. Easch point is the mesn of
8 birds.

o—--0 DOC treatment of vitamin D,-treated chicks

(o) — O vitamin Ds-tnated controls
A= ——/\ DC treatment of rachitic chicks

X

— 3¢ rachitic controls
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Long—term sdministratiop. An intramuscular dose of 2 mg.
DOC daily for 3 days followed by the usual vitamin D3 pretreatment

and the {p viye distal loop technique decreased the plasma Ca > con-
centration from that given by the vitamin 03 control group, as indicated
in Figure 22. The results suggest, then, that DOC has no influence as
a mineralocorticoid in raising plasma calcium levels. The relationship
of this steroid to calcium transport would suggest that it is involved
in a much more widespread phenomenon, possibly 1mp11ca£1ng the adrenal
glands with the vitamin D3 effect,

Aldosterone

This steroid has been recognised as one of the most potent
substances involved in the regulation of mineral metabolism. It was
demonstrated from earlier experiments that the transport of sodium
across the small intestine was not under the influence of vitamin Dye As
aldosterone is known to exert such a profound effect on sodium balance
in the body it was of interest to observe the effect of this steroid on
sodium transport when given intracardially 1 hour before perfusing
in vivo duodenal segments of small intestine (Method C). Table 12
demonstrates that aldosterone does not influence the intestinal absorp-
tion of sodium in either rachitic or vitamin Da-treated chicks.

That mineralocorticoids are themselves incapable of increasing
calcium absorption is evident from the results of an in vivo experiment
using isolated distal loops from both rachitic and vitamin Da-txeated
groups (Figure 23). Aldosterone (250 pg.) given as an intracardial
injection 1 hour prior to placing Ca'*Cl, into the loop, showed no

significant effect in increasing plasma calcium levels of either the



Cn“mmmndlnphm after prepsring ip viyp distal loops.
2 age DOC was given by intramuscular injection daily for 3 days.
Each point represents the mean of S bixds,

o O  vitmin D,trestsd controls
X=— — — X  IOC treatsent of vitamin D,~treated chicks
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Aldosterone (250 pg.) was given intracardially 1 hour before the

2

experiment. Na~ was measured in blood after perfusing duodenal
loops from rachitic and vitamin D -treated chicks in vive (Method C).

3

Each value is the mean of 8 bixds.

Treatment K22 c.pm. X 10"3/31 « bloed
TIME {(mins)
10 . <) 45
- 1.93 3.89 10,07
Aldosterone 1.89 4,16 9.97.
DS 1.85 4,04 9,07
Ds + aldosterone 1.7 4,15 9.35




e EEEECL OF ALDOSTERONE Ol CAICTIUM ABSORPTION IN ¥VIWO .

: m messured in plasms after prepering i viw distal leops.
250 pg. aldostercne acetate was giwea intrzacardisily. Each
point is the mesn of 8 birds,

O——— O vitssin D -trested controls

O — ——0 aldostarone trestmnt of vitamin Dy-trested chicks
A— — — A aldosterone trestment of rachitic chicks

K =————— K rechitic controls
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vitamin D, control group or the untreated rachitic group. A similar

3
experiment, but using only 50 pg. aldosterone, also showed no effect.
Further evidence to substantiate these findings is presented in Table 13,
Ca45 deposition in bone tibia was not influenced by the presence of
aldosterone. Similarly, residual calcium present in the gut after
2 hours was unchanged from the control levels following aldosterone
treatment,
Synthetic d

Of recent years many new synthetic steroids have been prepared
and examinea for their usefulness with regard to gluco-~ or mineralocorticoid
activity. Three of these steroids have been studied for their effect on
calcium absorption from the small intestine of the chick. 0.5 mg. of the
respective steroid was glven by intracardial injection 1 hour before in-

serting Ca45C1 into in vivo isolated distal leops and recording plasma

2
Ca45 levels at varylng time intervals., Figure 24 summarises the effect
of Al-cortisol, %u--fluorohydrocortisone acetate and Al-%-fluoro-lﬁu-
hydroxyhydrocortisone in altering the plasma calcium level of vitamin
D3-treated chicks. A 1--cortisol was the only steroid which stimulated
an increase in plasma calcium above that shown by the vitamin D3 control
group.
The influence of parathyroid hormone on calcium absorption from the small
jntestine

The effect of the parathyroid gland in raising the concentration
of plasma calcium has been adequately described in the literature (MclLean
and Urist, 1955; Neuman and Neuman, 19585 Fourman, 1960). Following

the action of parathyroid hormone calcium can be made available as the



Treated birds were given 100 I.U, vitamin D3 16 hours prior to the

calclum test. Aldostersne (250 pg.) was given intracardially 1 hour
before the test. Uptake and deposition of calcium was measured after

2 hours from ip vive distal loops contalning 4 mg. calcium. Each value
is the mean of 4 birds.

Treatment % calcium Bone Ca™> _,
absorption Copaile X 10 /
ashed tibia
- 7 5.31
Aldosterone 7T 5.38
D3 56 24,90
03 + aldosterone 54 25,70




&Qmmhﬁwnfﬁrm ig vive distal loops
of ﬁtdnnfunhd chicks: Each point is the meam of 4 Dipds.

Chicks were given 300 ug. of the stereid by intrecaxdial injectien.

() (¢ ] ' Al-oortisol
¥X—— — X %u~fluorocortisol acetate
(9] (o) vitamin D, controls

DN———A Al—m-ﬂuon-l&hydroxmrtisal
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result of a bone resorption phenomenons There is no real evidence to
suggest however that the increased calcium levels observed are the direct
result of an increased calcium absorption from the gastrointestinal tract.
In view of the present studies which have clearly demonstrated the import-
ance of adrenal function fer vitamin D3 action, and also from a consideration
of the interrelationship existing between the parathyroid and adrenal gland,
calcium absorption from the small intestine was measured following the
glving of a parathyroid extract.

Rachitic and vitamin D -treated chicks received parathyroid

3
extract (0.2 al.) by intracardial injection 1 hour before inserting Ca’'*Cl,
into in vivo isolated duodenal loops. Ca' present in the plasms was
measured and Figure 25 presents these findings. When plasma Ca45 levels
of birds treated with parathyroid extract were compared with their respect~-
ive contrel greups there was no significant difference in the amount of

radioactivity present. An analysis of the Ca45

present in ashed bene
tibia demonstrated that the extract had not influenced the depesition of
calcium in the bone (Table 14). Further data, also presented in this
Table, confirmed that there was no increase in the amount of calcium
absorbed from the qut follewing treatment with the extract.
Inhibition of the vitamin 03 effect

In the light of the experimental data gained from the studies
with the various adrenal steroids it was considered necessary to examine
more closely the possibllity that an active form of vitamin 03 was being
produced by the adrenal gland. To study this aspect o,p-DDD, a known
specific inhibitor of adrenal cortical functien, was used as a means to

determine whether vitamin D, could still influence calcium absorption to
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Ca 'mmupzmmminmmm.
Parathyroid extract (0.2 ml.) was glwen intrecardially. Each peint

is the moan of 4 bixds.

¥ — ——X rachitic

A  Tochitic giwen parsthyreid extract

o) O  vitmia Dotrested

A— — — A  viteain D-treated given porsthyreid exteact
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Parathyroid extract was injected intracardially 1 hour before the

45

addition of Ca 612 to the leop.

Absorption and deposition of

calcium was measured 2 hours after preparing in vive duodenal loeps.

Values represent the mesan + standard error of the mean for 4 chicks,

Treatment % calcium Bone Ca45 ol
abserptien Cepemme X 107 /
ashed tibia
- 15.5 9.7+ 1.9
Parathyroid extract 17.0 9.5 £ 0.7
Dy 51.0 33.9 ¢ 2.3
D, + parathyroid 51.0 1.2 4.1

extract
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the same extent even if the adrenal function were impaired. Capsules
containing 0,p-DDD were fed daily to rachitic chicks for a period of 3
days in the manner outlined under Methods. Each chick then received
100 I.U. vitamin l)3 16 hours before performing the calcium absorption
tust with in vive isolated distal loops. The data from one such
experiment are presented in Figure 26 and have been confirmed en two other
occasions. After 30 minutes the plasma Ca > lewel given by the vitamin
D:3 control group was five times greater than the value obtalned for the
rachitic group. However, those chicks which received o,p-DDD treatment
in addition to vitamin D3 showed a complete inability to raise the calcium
level above that shown by the untreated rachitic control group. Table 15
emphasises still further the magnitude of this inhibition. Of the
initisl calcium present, S6X was absorbed by the vitamin D3 control group
and only T% of the calcium was taken up by chicks recelving the o,p-DDD
treatment. This compares favourably with 6% absorption from the loops
of untreated rachitic chicks.

Similar studies with o,p-0DD were also carried out ip vwityo
using everted sacs. Although not producing such a dramatic inhibitien
of calcium transport, nevertheless o,p-DDD reduced the normal level of

transpert shown by the positive control group by as mich as 603 (Table 16).

That the inhibition sf calcium transport following o,p-DDD
treatment 1s assoclated with adrenal function is strongly suggested
from a histological examinatiom of adremal slices. The inhibitor was
fed for 3 days and after giving a single dose of 100 I.U. vitamin IJ3
overnight the adrenal glands were carefully dissected free and immediately



Ca"5 was measured in plasme after preparing ln wiwvp distal loops

in rachitic and vitamin namm chicks, 350 mg. 0,p~00D was
given by mouth on each of 3 days. Vitamin Ds-wm chicks
received 100 I1.U. by stomach tube on the third day 16 hours
before the calcium test. The number of birds is given in
parenthesis.

O~= =0 vitmin Dy-treated controls (8)

O ———— A 0,p-D0D treatment of vitamin Dy~treated chicks (10)
O—— O o4p-00D treatment of rachitic chicks (4)
X=— — —X rachitic controls (8)



30

TIME — MINUTES.

I5

30r
25f

AR
"VWSY1d W \A%_xv.z.n_.u



Vitamin D, was glven orally either 100 I.U. 16 hours before the Ca™>

test op 1,000 I1.U. ever a period of 7 days. 50 mg. 09p~DDD was fed
daily for elther 2 or 3 consecutive days prior to the giving of c:.“sm2
on the fourth day. Calcium absorption from ip ylvo distal loops was
measured after 2 hours,

Treatoent Period of Da Period of Ro. of X calcium
treatment 04 p~-DOD chicks absorption
treatnent
Dy (100 1.U.) 16 hr, . - 5 56
D, (100 1.0.) 16 hr, 4 days 5 7
Da (l,m I.Ut) 7 dIYS - 4 S0
D, (1,000 1.u.) 7 days 3 days 4 50




JABLE 16

©4p-DDD INHIBITION OF THE VITAMIN D. EFFECT ON CALCIUM TRANSPORT
LN VITRO

Everted distal gut sacs from rachitic and vitamin Bs-txaated chicks
were prepared (Method E). e,p-DDD was fed for 3 days prior te
measuring calcium transport on the fourth day. Chicks receiving
vitamin D3 were given 100 I.U. by mouth 16 hours before preparing
the gut sacs. Each value represents the mean + standard error of
the mean for 10 birds.

Treatment Serosal
Ca45 CaPellle X ]-04
accumulated/hour
- 3.654 + 0.8
D, 8.200 + 1.0

D, + 0,p-DOD 5.220 + 0.7
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immersed in Bouin’s fixative medium. Paraffin embedded sections were
then prepared by Mr. F. Fraser (C.S.I.R.0., Adelalde) and stained with
haemotoxylin-eosin.

Figure 27 compares sections of adrenal tissue from o,p~DDD
treated and untreated vitamin Da-dosad birds. The definite pattern of
cell structure in the peripheral areas observed in the control preparations
was no longer apparent after o,p-DDD treatment. The adrenal cortical cells
2ppeared to have been disrupted and to have contracted away from the
capsule. A marked band of chromaffin tissue was evident beneath this
capsule suggesting atrophy im this area. With hassotoxylin-eosin stain-
ing, the chromaffin tissue appeared strengly basophilic whilst the strands
of interrenal tissue were much paler in appearance.

Heioht of adrenal glands.

Kewcomer (1959) demonstrated an increase in weight of the adrenal
gland after chicks had received 2 mg. o,p-DDD over a peried of 16 days.
When 200 mg. 0,p-DDD was given over a period of 4 days to rachitic chicks
(1.e. SO mg. daily) the majority of the birds died on the fifth day.
However, when this treatment was given for only 3 diys and the birds were
allowed to live for a further 7 days death seldom resulted, )

The weight of adrensls was determined in a greup of 5 chicks
given o,p-0DD for 3 days followed by 16 hours pretreatment with 100 I.U.
vitamin Da. These values were compared with a control group n.:ceiving
vitamin D, only. The mean value obtained (expressed as mg. X body
weight) for the group receiving o,p-DDD was 25.6 & 7.5 whilst the figure
for the contxol group wes 21.3 ¢ 7.6. These values would suggest that
treatment with o,p-DDD had increased the weight of the adrenal glands,



The photograph compares the typical appearance of an ocuter
section of the adryensl gland of a chick given o0,p-D0D treat-

ment with a sixilar section from an untreated bizd, Chicks
were given 50 mg. 0,p-DDD datly for 3 days follewed by 16
hours pretreatment with 100 I.U. vitamin D.. The centrol
birds were given only vitamin 133. The cells were stained
with hassetoxylin-eosin. The phetograph was taken through

a Leits ortholux microscepe, sagnification X 320,
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However, the results obtained were net statistically significant
(P> 0.05).

Although o,p=DDD 1s believed to exert a specific action on
the adrenal cortical tissue the possibility remained that the inhibition
of calcium transport was due to a toxic effect on the gut mucosa.
Further experiments were therefore conducted to eliminate this possibility
by the feeding of 1,000 I.U. vitamin D, over a period of 7 days before
applying the calcium test, thereby ensuring an sdequate supply of active
carrier, providing that such a compound was relatively non-labile.
éapsules of o,p-DDD (50 mg.) were fed on 2 consecutive days prior to
exanining the An vive sbsorption of calcium from distal loops. Plasma

45

Ca"> levels are shown in Table 17 and indicate that the vitemin D

3

effect could still be observed following the feeding of o,p-DOD. Measure-
went of the amount of calcium absorbed from the loop confirmed that treat-

ment with o,p-DDD under these conditions was not inhibitory to the vitamin

l.')3 effect {Table 19).



Vitaain OS—MOM chicks received 1,000 I.U. over a peried of 7 days,
the final dose being glven 16 hours before the test. 350 mg. o,p-DDD
was fod daily for 2 days prier to the giving of Ca'°Cl, s the third
day. Plassa Ca‘s levels are recorded at varying time intervals after
giving the calcim,

Trestsent Fo.of  Perled Ca'y
birds on D, Copelie X 107 /ml. plasma
TIME (mins)
1% 20 45
- 8 - 0.38 0.54 0.52
I)3 8 7 days 1.7 222 1.93

D, + 0,p-DOD 8 7 days 155 2.9  1.98
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DISCUSSION
The effect of vitamin D3 on the absorption of calcium in rachitic

chicks has been clearly demonstrated from the experiments described in
Chapter 2. That there is a time lag before vitamin D3 can exert an effect
would suggest that this compound is being transformed to a more active form.
The localisation of vitamin D in the adrenal gqland of the rat has been re-
ported by Kodicek (1960) but the importance of this finding is at present
obscure, If, however, the transformation of vitamin D were to occur in
this organ, then evldence of the localisation of vitamin D in a particular
region of the adrenal gland would gain new significance. The possibility
of active material being present in adrenal extracts was therefore considered,
When a commerclal preparation of adrenal cortical extract was

given intracardially to rachitic and vitamin D_-treated chicks there were

3
small but significant increases in calcium uptake. The small response de-
tected may have been due either to the use of the less sensitive technique
of duodenal rather than distal loops, or perhaps to the small biological
potency of the extract. No further work was done with this extract since
1t could have contained a number of steroids, known or unknown. Instead,

a number of known adrenal steroids were studied in relation to their in-
fluence on calcium metabolism in viwe. Cortisol has been identified as a
major component of chick adrenal secretion (Professor Chester-—Jones, persanal
communication). Recently, de Roos (1960) has demonstrated the ip vitre
production of corticosterone, cortisol and aldosterone by cock adrenals.

Cortisol, given by intracardial injection 1 hour before the experiment,

had no effect on the uptake of calcium from the intestine or rachitic



™

chicks, but if these chicks had recelved vitamin D3 16 hours previously,
there was a marked stimulation of the calcium uptake to an amount 20%
greater than that given by the vitamin alone, as calculated from calcium

45 levels, or depesition of 0'45 in the bene.

absorption values, plasms Ca

Long~tern administration of adrenal steroids has been shown to
produce atrophy of the adrenal glands in rats (Ingle, Higgins and Kendall,
19383 Martini, Pecile and Guiliani, 19603 D'Arcy and Howard, 1958).

In view of the results obtained from the short-teram exporiments further
studies were undertaken to investigate the influence of the intramusscular
injection of the compound for 3 days. Although this treatment cannot in
the strictest sense be called a long-term one, the results indicate that
under such conditions cortisol exerts a profound influence on calcium
absorption. The increase in calcium absorption in vive normally observed
after vitamin Da-treatmnt was noticeably decreased following 3 days of
gortisol treatment.

Harrison and Harrisen (1960), from jp vitro studies have also
demonstrated thet cortisol when fed daily to rats over a period of 3 days
leads to a reduced level in the active transport of calcium, These latter
workers suggest that cortisol treatment antagonises the vitamin D effect
on the diffusion of calcium. Both cortisol and vitamin D are believed
to influence calcium transport by their action on the permeability of the
intestinal cell surfaces to calclum. Since the experiments on long-term
cortisol treatment were completed, Willlams, Bowser, Henderson and Uzgiries
(1961) using ipn vitro gut sacs fram rats have shown an inhibition of the
vitamin D effect when cortisone was given over a period of 6 days. Long-
tern cortisone treatment in rachitic rats has also been shown to produce
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profound changes in bone structure (Sterey, 1960).

A number of workers have demonstrated that cortisone can
restore to normal the elevated serum calcium level resulting from hyper-
vitaminosis or sarceldosis and this effect has led Anderson et al. (1954)
to suggest that cortisene antagenises vitamin D and thus inhibits calcium
absorption from the gut. More recent studies on the effect of cortisone
treatment in rats fed excess vitamin D, however, have discouraged the idea
of a substrate competition mechanisam (Wilson, Care and Anderson, 19573
Cruickshank and Kodicek, 19585 Thomas and Morgan, 1958). The present
evidence from the short-term studies with cortisel also suggests that a
styuctural antagonism is unlikely, A possible clue to this apparently
anomalous behaviour of cortisel is provided in a further communication
from Dent (1956) where he pointed cut that treatment of patients with
150 ag. cortisone for 10 days led to a depression of adrenal certical
activity. This peint will be discussed further after consideration of
the effects of the other steroids.

DOC gave a similar response to cortisecl. Intracardial in-
Jection 1 hour before the calcium absorption test showed & marked enhanc-
ing of the vitamin D3 activity, whereas intrsmuscular injection for 3 days
led to a decreased effect of vitamin D, on calclum abcorption. DOC by
itself had no effect (short-term experiment) on the uptake of calcium by
rachitic chicks. It is apparent, therefore, that the effect depends on
the presenccof vitemin D.. If the stimulation of calcium uptake were
the result of mineralocorticoid activity, then short-term injection of a
more potent sinerslocorticold should stimulate an even greater increase
in calcium abserption. Aldosterone is approximately 25 times more actiwe
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as a mineralocorticoid than DOC, as measured by the soedium retention test
(Desaulles, Tripod and Schuler, 1953) yet, aldosterone at levels of 50 pug.
or 250 pg. had no effect on calcium uptake in either the presence or

absence of vitamin D, when tested by the short-term procedure.

3

Several synthetic steroids were tested in an attempt to establish
some general pattern of activity. lsl-cortisol gave very simila; results
to cortisol in short-term experiments, but neither Su-fluorchydrocortisone
acetate nor‘A}-Qu-fluoro-l6a-hydtoxy'hydrocortisone had any effect on
calcium uptake. The substitution of the Su-fluoro group in the cortisol
molecule causes a marked increase in both gluco- and mineralecorticoid
activity, and the further introduction of the léa-hydroxy group had ne
effect on the glucocorticoid activity but abolished the mineralocorticeid
effect (Fried and Borman, 1958), It is clear from the results however,
that the property of enhancing the effect of vitamin D3 activity is not
connected in any way with the possession of gluco- or mineralocorticoid
properties. Many of these observations may be explained if those stereoids
enhancing or decreasing the vitamin D3 effect are deing so through a
specific effect on the adrenal cortex.

In the rat, prolonged administration of cortisone and A}-
cortisol causes extensive atrophy in the zona fasciculata of the adrenal
cortex with depletion of the sudanophilic lipids (D*Arcy, 1961). The
deposition of 014-labe11ed vitamin 02 in rat adrenals was shown by radio-
autography to be located in the zona fasciculata (Kodicek, 1960)., Thus
the disfunction of the cortex brought about by cortisol could lead to
interference with the site of formation of active material from vitamin D_.

3
The similar effects produced by DOC are more difficult to explain since,
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in the rat, this compound appeared to reduce the sudanophilic lipids in
the zona glomerulosa (D'Arcy, 1961). However, in the chick the zones
are not clearly differentiated and the specific effects of cortisol and
DOC on the chick adrenal cortex have yet to be determined. From the
results, then, it would appear that long—term administration of cortisel
and DOC led to a diminished production of active carrier from vitsmin 93
and, hence, to the observed decrease in calcium transport from the gut.

To account for the short-term effects of cortisel and DOC, it
is postulated that these stercids stimulated an increased secretion from
the adrenal cortex of active material formed from the 100 I.U, vitamin
Da given 16 hours previocusly. This “flushing out® effect may account
for the observation that vitamin 03 and cortisel, given together 1 hour
‘prior to the test, had a small effect on calcium uptske. As reported
in the previous Chapter, there was no increase in calcium absorption in
the rachitic birds when wvitamin l)3 was given by itself 1 hour before the
test. It is sore difficult to sxplain the absence of any shert-term
cortisol effect on calcium trsnsport ip vitre. If there is a contimal
*flushing out” of active material, then the preservation of the blood
supply may be an impertant factor in transmitting this effect.

One obvious way to prove the hypethesis that the adrenals are
sssential for vitamin D..3 activity would be to demonstrate that vitamin
!)3 has no influence on adrenalectomised rachitic chicks., Adrenalectomy
by the usual surgical procedures or by cauterisation was, however, found
to be impracticable in 4 week old chicks due to the inaccessibility of
the glands which are ambeddad close to the aerta and posterior wvena cava.

In this respect, rats would appear to be such more suitable subjects as



79

the adrenals are easily removed., There have been few investigations
directed toward a study of the influence of adrenalectomy on calcium
metabolism. Corway and Hingerty (1946) observed a slight hypocalcaemia

in adrenalectomised rats. Kimberg et al. (1961) found that adrenalectomy
enhanced the transport of calcium in vitre when rats were fed a low calcium
diet. If, however, the rats were malntained en a high calcium diet,
transport was not affected.

Gaunt, Chart and Renzi (1961) have discussed the principle of
specific chemical interference with certain glands as in the well knewn
case of alloxan causing atrophy of the cells of the pancreas. The chemical
osp-DDD was reported to cause atrophy of the adrenal cortex (Nichols and
Green, 1954; Brown, 1960). Newcomer (1959) tested this compound in
chicks and found that it led to a decrease in 17-hydroxy steroid output
with a subsequent increase in the weight of the adrenal gland which he
attributes tolan increased accumulation of 43-3 keto-17-hydroxy stereids.

When o,p-DDD was fed to rachitic chicks for 3 days the enhancing
effect of vitamin D3 on calcium uptake could not be observed from in vive
segments of intestine. Everted segments from these treated chicks also
showed a decreased ability to transport calcium. In the small group of
chicks examined, there was no significant increase (P»0.05) in the weight
of the adrenal gland following e,p~DDD treatment.

It is difficult to assess the effect of o,p-DDD in relation to
the weight of the adrenal gland. Although Newcomer (1959) has demonstrated
a mean increase in the weight of the adrenals taken from birds treated with
0,p~DDD, the conclusions from these data are based on a small group of

chicks in which the size and weight of the adrenals could have varied
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considerably. The results would obviously gain more significance if
larger groups of birds were used and the data obtained could then be
examined statistically. It is interesting to note ,however, that the
present determination of the weight of the adrenal gland/body weight of
the chick 1s comparable to Newcomers's estimation.

The adrenal gland was examined histolegically to datermine the
effect of o,p-DDD on the cell structure. Unlike the mesmalian gland,
there is no definite zonation in the fowl adrenal. The interrenal tissue
(equivalent to the mammalian adrenal cortex) appears as double rows or
cords of cells which loop as they approach the capsule although they

_seldu reach the capsule itself, being separated froa the latter by
tongues of chromaffin tissue. In places, this tissue eccupies the
surface of the gland beneath the capsule {(Prefessor Chester Jones,
personal commnication). Chromaffin tissue, a medullary tissue, shows
no definite cell arrangement.

The histological picture outlined above was observed in adrensl
sections from the contrel group. In contrast, however, there was a marked
change of cell structure ip areas asseciated with the interrenal tissue
after treatment with o,p-DDD. The importance of the zona fasciculata
in accumulating vitamin D in the rat has already been mentioned. These
findings would suggest that the transformstion of vitamin D3 may oceur
in this particular region of the memmalian gland. It would therefors
appear worthwhile to continue these studies in rats where it may be
possible to locate more specifically the site of action of o,p-DDD,

Thus these results support the previocus findings and suggest
that disfunction of the adrenal cortex breught about by o,p-DDD, cortisel
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or DOC interferes with the production of active material from vitamin
03. Attempts have been made to isolate active carrier material from
chicks and detalls of these experiments will be described in a2 latey
chapter. It does, however, seem worthwhile to point out that the
sdrenal gland appears to be an admirable site for a transformation of
the vitamin l’a’3 structure in view of the capacity of this organ for
steroid synthesis.

To show that o,p-DDD was not having a toxic effect on the qut
itself, this compound was fed to chicks that hed been receiving vitamin
Da for several days prior to cosmencing the treatment. There was no
indication of an inhibition of the vitamin 03 effect following the feed-
ing of oyp-DDD. These experiments could be interpreted to mean that
active material made in the adrenal cortex is used for the transport of
calciua by the intestine and that o,p-DDD does not interfere with the
function of preformed carrier. The observation by Thomas and Morgan
(1938) that cortisone treatment did not relieve the symptoms of hyper-
vitaminosis in rats when vitamin D was fed concurrently, could also be
explained by this hypothesis,

The delay before an effect of vitamin 93 can be shown on calcium
uptake (reported in Chapter 2) may well be dus to the necessity to build
up & concentration of the active carrier material in the mucesal cells,
and the evidence from these present investigations suggests that this
transformation takes place in the adrenal cortex.

The participation of parathyroid hormone in calcium uptake appears
to be a controversial issue. In recent reviews Irving (1957) and Neuman
and Neuman (1958) have suggested that the intestinal absorption of calcium
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is not under the direct centrel of the parathyroid gland. Rasmussen
(1959), using everted duodenal sacs from parathyrcidectomised rats,
demonstrated a decrcased active transport of calclum in these preparations
as compared with the contrel group. Talmage and Klljott (1958) reported
similar results frem ip yive studies with parathyreidectomised rats.

More recent studies by Gran (1960), however, indicated that
removal of the parathyroid glandis did not affect calcium absorption.
Further, the absence of parathyroid hormene did nor prevent the vitamin
Da stimslation of calcium absorption. These findings by Gran have been
collaborated by Wasserman and Comar (1961). These latter workers
demonstrated that parathyroidectomy was without effect on the intestinal
abserption of calcium in vive er on calcium transfer acress everted
inteztinal sacs in vitre.

¥hen a parathyroid extract was givea to chicks by intracardial
injection 1 hour before the calcium absorption test there was ne increase
in calcium absorption from the intestine. Calcium absorption, then, does
not appear to be under the influence of parathyroid function. Of more
impertance, the results demomstrate that the effects on calcium absorption
previously noted in studies related to the adrenal gland are not mediated

through the parathyreid gland.
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SUMMARY
1. The effects of adrenal steroids on calcium trensport have been

studled. Cortisol, A l-cortisol and DOC in short-term experiments
enhanced the effect of vitamin D, on calcium transport ip yiwo.

2. Administration of cortisel or DOC for 3 days brought about a2
depression of the vitamin DS effect.
3. Aldosterone, Sa-fluorohydrocortisone acetate and Al-ﬁh-ﬂwro-

16a-hydrexyhydrocortisons had no effect on calcium transport when
studied by short~term administration.

4. Aldosterone did not increase sodium absorption from the ssall
intestine.
Se oyp-DDD, when fed 3 days prier to giving vitamin 03, inhibited

the vitaain D, effect on calcium absorption. When the adrenal gland
was exanined histologically following this treatment, marked changes
in the interrenal tissue were observed. There was no significant
increase in the weight of the adrensl gland.

6. When o,p-D0D was fed to chicks previously dosed for several
days with vitamin 93(1,000 I.U0.)s calcium transport was not appreciably
affected.

7. The effects observed could be correlated with interference with
the adrenal function by o,p-DDD, cortisel or DOC treatment of rachitic
chicks, which diminished the vitamin Da-ctmancmnt of calcium transport.

8, The theory is proposed that vitamin 93 is transformad into a more
active form in the adrenal cortex.

S Parathyroid extract did net influence the absorption of calcium

from the intestine,
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Before the commencement of this thesis informatien concerning
the mechanism of the transport of calcium was practically non-existent
in the literature., Neuman and Neuman (1958) have recently attempted to
describe a mechanism from the meagre facts available but they have alse
emphasised the difficulty of this task with so little knowledge of the
metabolism of the intestinal mucosa. Although the effects of vitamin
D have been adequately described, the mode and site of action of this
substance are still unknown (Nicolaysen and Eeg-Larsen, 1953, 1956).
However, since in vitro techniques have been developed for studying
calcium transport great strides have been made in elucidating the steps
invelved in this process.

During these present investigations Schachter and Rosen (1959)
published a report describing the movement of calcium across everted
segments of rabbit, rat and guinea pig intestine. These workers postulated
the existence of an active transport mechanism which was dependent upon
oxidative phosphorylation. Further, this process was partially dependent
on vitamin D. Despite these important observations, Schachter and Rosen
point out the limitations of these studies in providing information on the
importance of an active transport mechanism during the absorption of
calcium in vive. Since the work of Schachter and Rosen (1959), several
publications have appeared describing calcium transport by mammalian small

intestine (Harrison and Harrison, 1960y Schachter et al., 1960 a, bs
Dowdle et al., 19603 Kimberg et al., 19613 Schachter, Kimberg and
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Schencker, 1961). However, some of these reperts present conflicting
evidence on the mechanism of active calcium transfer so that it has
been extremely difficult to gain a true assessment of the situation
both as to the energy scurce involved and as to the role of vitamin D,
in this process.

The phenomenon of calcium transport under the influence of
vitamin D, has therefore been re-investigated in the chick. An attempt
was made to locate more specifically the source of the energy supply.
The experimental findings are considered in relation to the data avall-
able from similar studies with masmalian tissue. The application of

an in vityo transport mechanism to the absorptien ef calcium in vive
is also discussed.
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MATERIALS AND METHODS
vit t
Everted and non-everted qut sacs. Everted sacs of the distal

portion of small intestine from both rachitic and vitamin D, -treated chicks

3
(100 I.U. = 16 hours) were prepared and tested in the manner already
described (Method E). Where anaerobic conditions were employed, the
flask contents were gassed with a mixture 95% N2 - 5% 002 (oxygen content
was less than 0,002%¥). When non-everted sacs were tested they were
subjected to the same procedures and conditions as described for the
everted sacs.

Calcium transpert gt-do . Everted gut sacs were prepared
and placed in ice-cold incubation medium contained in flasks suryounded
by cracked ice. These flasks were then shaken for 1 hour under aerobic
conditions.

Starvation. The effect of starvation on calclum transport
was studied in chicks deprived of food for a period of 24 hours prior
to preparing everted gut sacs.

Omissjon of glucose. As described in Chapter 1, everted gut
sacs were normally incubated in a medium containing 0.02 M glucose
(Method E). 1In an in vitro experiment designed to observe the effect
of a glucose deficiency on calcium transport glucose was omitted from
both the mucosal and serosal incubatlon media.
in vivo preparations.

Iohibitor studies. Distal segments of small intestine from
both rachitic and vitamin D, -treated (100 I.,U. = 16 hours) chicks were

perfused in vive in the manner previously described (Method C). The
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loops were perfused for 45 minutes with 10 ml. Krebs-Ringer solution
containing 2 mg. Ca' /ml. and 2 pc. Ca®>/ml. together with the inhibitor
te be studied.

Chelation of calcium, The disodium salt of EDTA was used to
chelate calcium. The absorption of calcium was studied from ip vive
duodenal loops of rachitic and vitamin D,-treated (100 1.U, - 16 hours)
birds. A selution of 0.1 muoles»Ca45-EDTA was introduced into the loop.
Control birds received 0.1 mMoles Ca45 in 0.9% saline,

Inhibitor selutions.

When necessary, inhibltor solutions were adjusted to pi 7.0
with sodium hydroxide for in vitre experiments, and pH 6.0 for in vivo
studies. A solution of sodium cyanide was prepared by dissolving the
required amount of this compound in ice-cold distilled water and then
neutralising with hydrochloric acid at 0° C. A solution of sodium
arsenite was prepared by dissolving the required amount of arsenious
oxide in a small volume of sodium hydroxide and, after suitable dilution
with water, hydrochloric acid was added to adjust the pH to 7.4 before
making to volume,

st tion
45

Ca _ in serosal fluld, Radioactivity was estimated as

previously described (P27, (b) i).

Cg‘s in bleod, Ca45 in plasma obtained during in vivo studies

in the presence of EDTA was measured by end-window counting as described
earlier (P27, (a) 1). During inhibiter studies in vive with perfused
isolated loops, Ca45 was measured in acld extracts of plasma by scintill-

ation counting (P27, (a) i1).
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En us_res ssue s

The consumption of oxygen of respiring slices of chick small
intestine was measured in a Warburg apparatus., Groups of rachitic and
vitamin Dy-treated (100 I.U, - 16 hours) chicks (4 chicks/group) were
used in the experiment. After rinsing the distal portion of the small
intestine free of food contents with physiological saline, this section
was removed from the body and immersed in an ice-cold solution containing
0,13 M NaCl and 0,02 M KCl. The gut Wal{zwas slit longitudinally along
the antl-mesenteric surface and then several times horizontally so that
a number of sections approximately 1 cm2 were obtained. The procedure
was repeated in order to obtain sufficient slices to study each'group in
triplicate.

The slices from the rachitic chicks were pooled separately,

as were those from the vitamin D, -treated chicks, so that the final

3
population of slices in each group was randomised by thorough mixing.
After briefly blotting on filter paper, four slices were added to each
Warburg vessel containing 2.8 ml. Krebs-Ringer-bicarbonate medium with .
glucose and calcium added in final concentrations of 0.02 M and 2.5 X 10"3 M
respectively. The centre well contained a filter paper strip socked in

0.2 mle 5 N potassium hydroxide solution. A thermobarometer recorded
atmospheric and temperature changes,

After a 5 minute equilibration period, the flasks were incubated
with shaking (90 oscillations per minute) at 37 C for 1 hour, After
incubation the slices were lifted out of the flasks, excess fluid removed
by briefly blotting with filter paper, and the tissue then placed in a

desiccator until dry. The dry weight of tissue was determined gravimetric-
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ally. Q(Oz) is defined as pl. 0, taken up per mg. dry weight tissue
per hour,
Lactic gecid

Formation of lactic acid. Everted distal sacs from groups of
three rachitic and vitamin D3-treated (100 I.U. = 16 hours) chicks were

prepared as described earlier (Method E). Fluid bathing the mucosal sur-
face consisted of 5.0 ml. Krebs-Ringer-bicarbonate buffer together with
glucose and unlabelled calcium at concentrations of 0,02 M and 2,125 X 107 M
respectively., The everted sacs were filled with 1.0 ml. buffer medium

also contalning glucose (0,02 M) and calcium (2.25 X 10~ M). The pre-
paratiocns were incubated with shaking at 37° C for 1 hour and were gassed
with a mixture of 95% N2 - 5% 032 to maintaln anaerobic conditions so
preventing any further breakdown of lactic acid formed during this period.

At the end of the incubation the sacs were removed and the
serosal and mucosal flulds were pooled and kept at 0°.  The tissue
itself was homogenised for 2 minutes in ice-cold distilled water using
a Potter-Elvejhem homogeniser fitted with a teflon plunger. This homogenate
was added to the pooled fluids before diluting with distilled water to a
known volume, Samples from each group were then taken to determine the
amount of lactic acid present,

Estimation of tic acid. Lactic acid was determined by the
method of Barker and Summerson (1941). The protein was precipitated from
the sample by treatment with perchloric acid (final concentration 4%) and
removed by low speed centrifugation (2,000 X g. for 10 minutes). A portion
of the supernatant (5.0 ml.) was neutralised with 4 N sodium hydroxide

before the addition of 1.0 ml. 20% copper sulphate solution. The total
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volume was made to 10 ml. with distilled water, 100 mg. calcium hydroxide
was added and the mixture vigorously shaken before allowing to stand for
30 minutes. The cepper calclum complex was removed by centrifugation
and a sample of the supernatant retained for colour development with an
alkaline solution of p-hydroxydiphenyl. The intensity of colour produced
was determined on a Unicam spectrephotometer (model SP 350) at 560 mp.

Reagent blanks and tubes containing standard amounts of lactic
acid were carried through the entire procedure to estimate contamination
and efficiency of the method. A standard curve wés also prepared with
known amounts of lactic acid not subjected to the above treatment.

Recoveries of no less than 98% were given by this technique.

Suceinic dehy enase activ
Prepagation of mitochondria. Mitochondria were isolated from
loops of distal small intestine of rachitic and vitamin Da—treated

(100 I.U. - 16 hours) birds. Each group consisted of 3 chicks. Follow~
ing the usual surgical procedure the tissue was dissected free and
immediately immersed in ice-cold phosphate buffer medium., After evert-
ing each loop the tissue was cut into small pieces and placed in 20 ml,
ice~cold phosphate buffer pH 7.7 preparatory to homogenising in a Potter-
Elvejhem homogeniser. The homogenates in each group were pooled.

The mitochondria were prepared by differential centrifugation
of the homogenate in a manner similar to that described by Hogeboom,
Schneider and Pallade, 1948. To remove cellular debris the homogenate
was centrifuged in the cold at BOO X g. for 15 minutes. The supernatant

was decanted and recentrifuged at 5,000 X g. for 20 minutes at 0° C to

separate the mitochondria. The supernatant fluid was then carefully
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removed by aspiration and the mitochondrial pellet resuspended in an
equal volume of phosphate buffer. The suspension was centrifuged again
at 0° C for 10 minutes at 10,000 X g« After removal of the supernatant,
the mitochondria were finally resuspended in a small volume of ice-cold
phosphate buffer.

Determinations of enzyme from each group were carried out in
triplicate in a manner similar to that described by Nachlas, Margulies
and Seligman (1960). The reaction mixture consisted of the following
reagentst sodium succinate (0.2 M), 0.5 mly phosphate buffer (0.1 M)
pH 7.7, 0.75 ml; gelatin (0.1%), 0.25 ml; 2,3,4-triphenyltetrazolium
chloride (TTC, 6 mg./ml.) 0.5 mlj enzyme solution, 0.5 ml. and distilled
watery, 0.25 ml. Control tubes contained either sodium fumarate (0.1 M)
0.5 ml.s in place of succinate or alternatively the reaction was carried
out in the absence of any substrate. Detalls of the complete incubatlon
are summarised in Table 18,

The reaction mixture was preincubated at 37° C for 5 minutes
before adding the enzyme, and the complete mixture incubated at 37° ¢ for
90 minutes. Further control data were also obtained from tubes incubated
in an ice-bath at 0° C for the same period of time,

The incubation period was terminated by the addition of 40¥
trichloracetic acid (0.2 ml.). Tetrahydrofuran (3.0 ml.) was then added,
and the mixture shaken mechanically in centrifuge tubes fitted with poly-
thene stoppers until all the colour had been removed from the precipitated
protein (approximately 10 minutes). After removal of the protein by
centrifugation, the colour present in the supernatant was estimated in a

Unicam Spectrophotometer (Model SP 350) at 540 mp against tetrahydrefuran.



Hitochondris wers prepsred from the distal small intestine of rechitic and vitesin %«mm chicks, The enzyoe preparstien
from the rachitic chicks is dosignated as R and that from the vitaain Da-moted’ chicks §8 . The addition of resgants to the
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Succinic dehydrogenase activity was recorded as the eptical demsity
change per mg. protein.
Pretein was estimated by the biuret methed {(Gormall,
Bardawill and David, 1949) using normal dried serum aliamin (human)
supplied by the Commorwealth Serum Laboratories as a standard.



RESULTS

on—ever sacs

To show that the accumulation of calcium was a uni-directional
process, calcium transport was studied using non-everted distal sacs of
small intestine. Under these conditions, calcium transport took place
from the serosal surface to the mucosal surface, and the accumulation of
Ca45 was measured in the fluid bathing the mucosal cells. The results
from this experiment are presented in Figure 28.

Less calcium was transported with non—everted rachitic saes
than the everted rachitic controls. This decreased transport may be a
consequence of the lower transport of water observed which was a net gain
of 0.6 g. water per hour per everted sac, but a net loss from the original
2 g. of 0.3 g. water per hour per non-everted sacs. There was a tendency
for the non—everted sacs to shrink considerably in size during the incubation
period whereas no change in length was observed with the everted sacs.

More interesting was the absence of any influence of vitamin D3
on the transport of calcium using the nen-everted preparations. That the
vitamin D3 phenomenon is an active process is shown by the increased

accumilation of calcium in the serosal fluid frem the vitamin D_-everted

3
sacs, as compared to that from the rachitic-everted sacs (Figure 28).

Iransport at 00 C

Evidence for the enzymic nature of calcium transport may be
deduced from Table 19 from which it is evident that there was very little
transport of calcium at 0°c. If calcium transport was mainly by
diffusion, then lowering the temperature would not be expected to cause

such a marked inhibition of transport, although there would possibly be
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Ca ™ was messured in the sexvsal fluid after 1 hour. Histograms

represant the msan of the uptake frem 6 sacs.

Diagenal hatched rachitic everted distal intestine

Blank vitamin Da-trntod everted distal intestine
Cross hatched rachitic non-everted distal intestine
Blocked vitamin D _~treated non-everted distal

intestine®
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JABLE 19
THE INFLUENCE OF VITAMIN D, ON CALCIUM TRANSPORT AT 0° ¢

Transport was measured at 37° and 0° by the accumulatien of c.a‘s
into serosal fiuld from everted distal small intestine, The vitamin
Bs-treated chicks received 100 I,U. vitamin 03 16 hours prier te

preparing the gut sacs. Each value is the mean of 6 bixds.

Treatment Temperature a5 Serosal -3
Ca ™ cepem. X 10
accumulated/hour

- Yt 3.160
D, <Y 8.852

o
B, 0 0.320
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some small drop from the normal rate of diffusion.

Starvation and the effect of glucese

During preliminary experiments on calcium absorption in
chicks, Coates and Holdsworth (personal communication) found that a
3-treated chicks
to transport calcium. When everted distal sacs from chicks starved for

period of starvation decreased the ability of vitamin D

24 hours were tested for calcium transport in vitro, the vitamin D3-
treated chicks showed a slightly diminished ability to absorb calcium,
Sacs from starved rachitic birds gave no change from the rachitic control
level, Similarly, gut sacs from chicks not starved but incubated with-
out glucose in the standard medium, showed that the endogenous substrate
can support 62% of the normal rate of absorption. These results, which
are shown in Table 20, were obtained with vitamin Ds-treated chicks.
Incubation of rachitic sacs under either of these conditions produced
little or no change from the rachitic contrel level.
Metabolic inhibitors

Various inhibitors were used both jin vivo and in_vitre in an
attempt to identify the source of energy used in calcium transfer. Table
21 presents the results from a series of in vitro studies. These results
have been expressed as a percentage inhibition of the active transport

process, by which is inferred the difference between vitamin D_-treated

3
and rachitic transport.

This seems justified as the data obtained at 0° C and also
from studies with the non-everted gut sacs preparations suggested that
calcium transport in the rachitlic chicks was probably the result of passive

diffusion and exchange processes., Further, preliminary studies on the



Transport was measured by the accumulatien of Ca45 in the serosal fluid

from everted distal sacs. Sacs from vitaain Da.-tmated chicks (100 I.U.-

16 hours) incubated in standard medium were assigned an arbitory value
of IMQ

Treataent No. of % I)3 transport
birds
- 6 P -
Starved 24 hours 4 27
Ne glucose 4 2
D, starved 24 _hwrs 4 65
D, no glucose 4 62
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effect of iodoacetate under anaerobic conditions, on calcium transport

in the rachitic chick, indicated that there was ne further decrease in

the amount of calcium transported. In contrast, the vitamin D3 enhanced
transport was greatly inhibited under these conditions (Table 21).
-4

2,4-Dinitrophenol gave only S0¥ inhibition at 2 X 10 " M.
That energy was not derived solely from oxidative phosphorylation was
further suggested from the fact that even in the presence of 1 X 1()"2 M.
cyanide there was still a considerable amount of calcium transport taking
place (60%). The greatest inhibition was obtained with an inhibitor of

glycolysis, namely 2 X 10-3 M. iocdoacetate under anaerobic conditions,.

Other well known glycolytic inhibitors, sodium fluoride (2 X 10‘3

M.),
phlorizin (2 X 10~* M.), and sodium arsenite (2 X 107 M.) gave approx-
imately 50X reduction in the amount of calcium transported.

It seems most probable then, that both glycolytic and oxidative
phosphorylative processes are required to maintain a metabolically active
membrane. If energy were derived equally from substrate level and
oxidative phosphorylations, it might be pessible by a combination of
inhibitors, to prevent any calcium frem being transported. When
phlorizin and 2,4-dinitrophenol were both added to the mucosal fluid
bathing the everted sacs, a small percentage of calcium still accumulated
in the serosal fluid (Table 21).

The results obtained with mercuric chloride cannot be
interpreted because this substance caused the mucoéal fluid to become
turbid with sloughed cells. Turbidity of the mucosal fluid was alse

observed but to a lesser extent, when everted sacs were incubated under

anaerobic conditions. Ouabain, a cardiac glycoside and a potent inhibitor



Active transport was taken to be the difference between the calcium

transported into the serosal fluid by everted distal sascs from rachitic
chicks as compared to aimllar sacs from chicks treated with 100 I.U.
vitanin 03 16 hours previously. Imhibition is expressed as a percentage
of this active transport. For detalls of the incubation conditions,
refer to the Methods section in this Chapter. The inhibitors were sdded
to the sucosal fluid and are recorded as final concentrations.

Inhibiter Inbibiter No. of ¥ inhibition
conce E birds of transport

llall:!)2 in ges space - 7 37
Sodium cyanide 5x 107% 4 8
Sodium cysnide 1x 1072 4 39.6
2,4-dind trophenol 2x 107 8 50
Sodium lodoacetata/i, 2x 1073 8 0
Sodium fluoride 2 x 107 ) 4
Sodium arsenite 2 x 1073 4 =5
Phlorizin 2x 1074 8 P
Phloxizin 2X 10

+ 2,4~dinitrophenol 2 X m“ 6 67
Mercuric chloride 2 x 1073 2 gz
Ouabain 6.8 X 10 8 )

¢ cells sloughed off.
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of sodium transport, was also tested for its effect on calcium transpert,
Evidence presented in Table 21 shows that calcium accumulation under the

influence of vitamin D, was not influenced by the presence of ouabain.

3
On the contrary, transport was slightly stimulated by this substance,

An attempt was made to correlate the in witre findings with
simllar experiments performed on the live birds., It is obvious however,
that the range of inhibitors which may be tested satlsfactorily in vivo
is severely limited, e.g. it was not possible to determine the influence
of cyanide. The results from these studies are presented in Table 22.
Contrary to the in vitroe findings, there was little change in calcium
3—treated

birds) in the presence of iodoacetate, lodoacetamide, and 2,4-dinitro~

phenol. The lack of effect with the addition of 1 X 107 M 2,4-dinitro—

absorption as measured by plasma Ca45 levels (from vitamin D

phenol to the perfusion fluid might be explained if this substance were
being rapidly absorbed, or diluted te such an extent by bedy fluids as
to be incapable of exerting an inhibitory effect. To test this possib-
ility, a sample of perfusate was withdrawn on the completion of the
experiment and the amount of 2,4-dinitrophenocl present was measured
spectrophotometrically, There was little or no change from the con-
centration of 2,4-dinitrophenol ariginally present.

When phlorizin was added to the perfusing fluid there was a 50%
inhibition of transport, confirming the previous jin vitro findings. It
is apparent however, that these results must be interpreted with caution.
During the first 15 minutes, there was a marked decrease in the amount of
radioactivity appearing in the blood stream. At longer time intervals

there was a gradual increase in the amount of calcium absorbed.



JABLE 22
@) ABOLIC BITORS ON ABSORPTION OF NV

4
Plasma Ca N levels were measured during in viwve perfusien of distal

loops from rachitic and vitamin D -treated chicks (Method C). Inhibiters
were added directly to the perfusion fluid and are recorded as final

concentrations.
Treatment Inhibitor  Conc. M  No. of ca*d >
birds C.p.m. X 107 /ml,
plasma
TIME (mins)
15 0 45
D, - - 20  1.475 2.308 2.666
D, 2,4-dinitrophensl 2X 10 8  1.408 2.045 2.684
Dy iedoacetate 121070 4 1.562 2.174 2,639
D, {edoacetamide 1X1070 4 1.274 2.140 2.643
Dy phlorizin 1x100% 4 o0.264 1.542 2.216

= - - 10 0.247 0.277 0.324




Chelatjon of calcium
Chelation of calclum present in iselated in vive duodenal loops

by means of EDTA caused a marked decrease in calclum absorption from both
rachitic and vitamin D -treated groups (Figure 29). It thus seems likely
that the calcium must be in the ionic form before it is absorbed from the
gut.
su t of 0

To determine whether vitamin D3 itself had any effect on
glycolysis, everted distal gut sacs were incubated under anaerobic
conditions and after 1 hour the amount of lactic acid formed was deter-
mined, The results of two such experiments are recorded in Table 23,
Similar amounts of lactic acid were produced by the rachitic and vitamin

Da-treated gut sacs,

Endegenous_respiration
Oxygen consumption by slices of distal small intestine from

rachitic and vitamin D_-treated chicks was measured. The basal Q(O2)

3
value for slices from the rachitic group was 1,57 and the corresponding
value for the vitamin Da control group was 1.50. Each value represents
the mean of 3 determinations.
Succinic dehydrogenase activity

Mitochondria prepared from small intestine of rachitic and
vitamin Daotreated chicks was examined for the presence of succinic de-
hydrogenase activity. A tetrazolium salt was used as an electron acceptor
in the succinoxidase system, After 90 minutes incubation, values of

3.53 X 1072 (0.D./mg. protein) and 3.30 X 1072 (0.D./mg. protein) were

obtained for succinic dehydrogenase activity of the rachitic and vitamin



Ca®® wes mcasured in plasma after prepsring i ylyp duodenal loops

from rachitic and vitamin D ~trested chicks. Loops were givea
0.1 sioles Ca*> EDTA and control loops 0.1 mioles Ca‘Cl, in saline.
Each point is the mean of 7 birxds.

———0 vitamin D -treated and EDTA

3
(®) (0] vitamin Da-t.rnat-d controle
A— — — A rachitic and EDTA

X rachitic controls
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Everted sacs of distsl small intestine from rachitic and vitamin 93-

trosted chicks were incubated ja vitze for 1 hour, under anaerobic
conditions, in 5.0 al. Krebs-Ringer-bicarbonate glucose solution con-
talning 85 pg./ml. calcium. Each value reprasents the mean ¢ standard
error of the mean for 3 determinations.

Experiment Treatmemt pg. lactic acid/hour/12.5 cm.

distal loop
1 - 18.3 % 2.1
2 = 14.0 £ 1.3

D, 148 & 2.4




%
Dy-treated preparations respectively. These rusults shew that theye
has boen we increase ia the aetivity of this enayme follewing the giviag
of vitamin D,. Ne activity was detectod at 0° C or ia the presence of
fuamrate.
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DISCUSSION
It is generally accepted that substances may move across
biological membranes by two main processes, namely (a) passive diffusion
or (b) active transport, or a combination of both., Taggart (1958) has
broadly defined both these terms. Simple diffusion signifies that the
movement of molecules occurs along a concentration gradient and conforms
to Fick's laws of diffusion., Active transport is a term normally applied
to those systems in which a substance is transported across a biological
membrane, apparently against a concentration gradient (often referred to
as uphill transport), at the expense of energy derived from both aerobic
and anaerobic cell metabolism, It must be realised, however, that these
definitions are not rigid., Active transpert may also occur down a
concentration gradient. Steric factors are of importance in this type
of transport which 1s often referred to as facllitated transport.
The relative contribution of each of the above processes to
the transport of calcium has influenced interpretations on the mechanism
of calcium transport and the mode of action of vitamin D. Harrison and
Harrison (1960) suggest that when vitamin D is incorporated into the cell
surface of the small intestine the permeability properties of the mem-
brane are so altered that an increased rate of diffusion of calclum is
possible, These workers believe that vitamin D is mainly concerned with
influencing the diffusion of calcium (a process independent of oxidative
metabolism) although it may in part also affect the energy dependent
active transport system. When the rate of calcium transfer was measured
at 10° C it was found to be considerably reduced, although the vitamin D

effect still persisted at this temperature.s 1In a further experiment,
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Harrison and Harrison {1960) studied the net flux of calcium across the in-
testinal mucosa using in vitre preparations. The ocutside fluid centained
3 mM calcium and the fluld bathing the serosal surface was 1 mM. Vitamin
D was found to increase the rate of calcium transfer acress the proximal
intestinal wall when the concentration was the driving force. There was,
however, only a small increase in the distal portion. This finding is
difficult to explain if the process of calcium transport is purely a
diffusion phenomenon, as Kimberg et al. (1961) have also demonstrated
calcium transpert under the influence of vitamin D in the distal portion
of rat small intestine, However, Harrisen and Harrison could find no
evidence to support the alternative cencept of an active transport
mechanism. Cyanide (5 X 10™% M) and anaerobic conditions (N,/C0,) only
partlally inhibited the transfer of calcium indicating that the transfer
mechanism was not wholly dependent on oxidative phosphorylation.

Other workers have, however, postulated an active mechanism
for calcium transport. Schachter and Resen (1959) found that everted
gut sacs from the rabbit transported little calcium at 5 ¢. Further,
the presence of sodium cyanide, or 2,4-dinitrephenol in the medium
completely abolished calcium transport. This evidence strongly supperted
the hypothesis that calcium transport was an active process. Much of the
evidence put forward in support of a diffusion or active transfer process
is derived from such studies with metabolic inhibitors. In many respects
the literature reporting the effects of inhibitors on in vitre calcium
transport is rather confusinge.

In their early paper Schachter and Rosen (1959) claimed that

nitrogen inhibited the active accumulation of calcium in rabbit everted
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gut sacs whereas more recently Kimberg et al. (1961) found th;i aliﬂdﬁah
nitrogen inhibited transport in the duodenal segments it stimulated
calcium uptake in the lower segments of rat small intestine. Studies
by Schachter et al. (1960 b), who measured the accumulation of calcium
by rat duodenal slices, indicated only partial inhibition of the trans-
port process by 10"3 M cyanide. It is obvious that the portion of intes-
tine used to study calcium absorption in the rat is a factor which in-
fluences the effect obtalned with the metabolic inhibitor and, therefore,
any scheme which is postulated to account for calcium transport must also
envisage an absorptlon process for calcium in all parts of the small
intestine, Investigatlions by Wasserman (1960) emphasise this peint.
Although sedium cyanide, iodoacetic acid and 2,4-dinitrephenol decreased
calcium movement from the mucosa to the serosa in duodenal segments of
rat small intestine, these substances did not influence calcium absorp-
tion in distal segments. Similarly, incubation of everted distal
segments under nitrogen did not influence calcium transport in this
region,

Schachter and Rosen (1959) suggested on the basis of their
experimental observations that the transfer of calcium may be accomplished
by a serles of carefully controlled steps in the following manners
(a) uptake of caP by the intestinal mucosa from the lumen
(b) the accumulation of Ca’ in the interstitial fluid of the gut wall
(c) the subsequent traﬁsfer~of calcium through the micosal and serosal

layers to the serosal fluid,
A requirement for high energy phosphate is postulated for steps (a) and

(b), whereas (c) is thought to be controlled by diffusion. These workers
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also found that the bulk of the calcium transferred to the inside
medium was in the lonised state and suggest that such evidence supports
the participation of a cation transport mechanism analogous to the
sodium pump,

From more detailed in vitge studies Schachter et al (1960 a)
also postulated that at least two steps are involved in the transfer of
calcium, The first is the rapid absorption of calcium from the intestine
or mucosal fluid which, they suggest, may result from the binding of
calcium ions to anionic receptor sites on or in the mucosal cells. The
second step involves the transfer of this bound calcium to the fluid
bathing the serosal surface, Schachter et al. (1960 a) also claim that
their results support the hypothesis of a cation transfer mechanism
being involved. An alternative hypothesis will be considered further
after discussion of the present findings from transport of calcium across
chick small intestine. Because the characteristics of the in vitro
transport mechanism do not appear entirely similar to the process as
studied in the live animal the effects observed with these two systems
will be considered separately.

The results presented in this chapter suggest that in vitro
calcium is transported by an active process., Experiments with non-
everted qut sacs indicated that the passage of calcium from serosal to
mucosal fluid was small. The amount of calcium accumulated could be
regarded as a measure of the passive diffusion and exchange taking place.
Further, the process of calcium transport from the serosal to the mucosal
side of the membrane was not influenced by prior treatment with vitamin

D3, in contrast to the marked effect observed when calcium transport was
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measured from the mucosal to the serosal surface. The accumulation of
calcium then under the influence of vitamin D3 was a unidirectional
process. Everted sacs from rachitic chicks transported slightly more
calcium than did non-everted sacs from similar birds, and this may have
been due to the difficulty of ensuring that the chick was completely
deficient in vitamin D3.

Further data supporting the concept of an active transport
mechanism were revealed when calcium transfer was studied at a reduced
temperature. There was little accumulation of calcium in the serosal
fluid at 0° C when enzyme activity could be regarded as negligible. This
evidence would tend to argue against a purely passive diffusion phenomenon
as although the rate of diffusion drops with a reduction in temperature
one would not expect to find an almost complete inhibition of calcium
transport.

In all the in vitro experiments reported, calcium was trans—
ferred against a slight concentration gradient, thereby reducing siample
diffusion along a concentration gradient to a minimum. The unidirectional
increase in transport above the rachitic value brought about by vitamin D3
has been ascribed to the active transport of calcium. As the diffusion
process was not under the control of vitamin D3 the data from the present
studies do not support the views expressed by Harrisen and Harrison (1960).
It was established in Chapter 2 that the vitamin D effect was also
relatively specific for calcium ions. Therefore, the effect cannot be
regarded as a non~specific alteration of the permeability of the intestinal

wall,

In an attempt to establish the energy source used in the active



104

transfer process, transport of calclum was studied in the presence of a
number of metabolic inhibitors. There was only an 8% inhibition of
active calcium transport in distal segments in the presence of 5 X 1()'4 M
cyanide. Even when the concentration of this substance was greatly
increased to ‘.I.O-2 M accumulation of calcium still continued under the

influence of vitamin D_ to such an extent that 60% of the normal calcium

3
transport was measured. This demonstration suggests that the transport
process is not dependent on aerobic conditions. Under anaerobic
conditions it was also possible to demonstrate the capability of the

system in transporting calcium.

The accumulation of calcium in the presence of high concen-
trations of cyanide does not entirely rule out the possibility of high
energy phosphate being formed during the passage of electrons down the
electron transport chain. The enzyme succinic dehydrogenase is not
inhibited by cyanide and thus the succinoxidase system could play an
important role in supplying the necessary energy for transpert. When
distal small intestine was examined for succinic dehydrogenase activity,
however, there was no evidence to suggest that vitamin 03 was influencing
the activity of this enzyme,

That oxidative phosphorylation is not the sole contributor of
energy for the transfer process is also suggested by data obtained from
studies with 2,4-dinitrophenol. The effect of this inhibitor on oxidative
metabolism is well known. Loomis and Lipmann (1948) and Cross, Taggart,
Covo and Green (1945) have shown that 2,4~dinitrophenol reversibly un—
couples phosphorylation from oxidation. 244-Dinitrophenol does not

inhibit respiration except at high concentrations. When 2,4-dinitro-
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phenol was added to the mucosal medium during in vitre experiments,
calcium transport was inhibited by enly 50%. This finding does not
correlate with the in vitro results obtained by Schachter et al. (1960 b)
who claim a greater inhibition of calcium transfer with this reagent.

After assessing the data ebtained in the presence of nitrogen,
cyanide and 2,4-dinitrophenol it seems unlikely, then, that calcium
transport ip vitro in the chick small intestine is dependent upon exidative
phosphorylation. Anether possible source of energy does exist, however,
since the energy requi;ement could be satisfied by substrate level phos-—
phorylation during anaerobic glycolysis.

Since lodoacetate 2 X 10> M inhibited transport of calcium
under anagrobic conditions by 80%, it would appear that the major energy
supply in vitre is from glycolysis, Iedoacetate inhibits the formation
of 1,3-diphosphoglyceric acid, an intermediate required for substrate

level phosphorylation in the follewing manners

1,3=diphosphoglyceric acid » 3-phosphoglyceric acid
+ ADP N B + ATP
phosphorylglycerate kinase

Other well known inhlbitors of glycolysis, fluoride, phlorizin and arsenite,
reduced the level of calcium transport under the influence of vitamin D3
by as much as 50%.

For many years, it was assumed that all active transport
mechanisms gained their energy requirement from oxidative phosphorylation.
More recently, it has been shown from in vitro studies that a number of
* substances rely equally upon glycolysis and aerobic oxidation to promote
their active transport. Breuer and Whittam (1957) and del Monte (1961)

have also suggested that glycolysis supplies the energy for the transport
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of glucose, water, sodium and potassium, That vitamin D3 does not
affect transport by altering the amount of glycoysis is shown by the
production in vitro of equal amounts of lactic acid from rachitic and

-treated distal small intestine.

vitamin D3

Vitamin 03 was also without effect on the Q(02) measured in
respiring slices of intestinal tissue. This demonstration substantiates
the findings from the in vitro inhibitor experiments, in that aerobic
conditions do not seem necessary for active transfer. Zar and Irving
(1959) in a recent report were also unable to show any effect of vitamin D
on the respiration of oral tissue from rachitic rats.

The addition of ouabain, a cardiac glycoside, did not interfere
with calcium transfer in vitro. Daniel and Robinson (1960) state that
ouabain interferes with sodium and potassium exchange in rabbit uterine
preparation. Csaky, Hartzog and Fernald (1961) have shown that this
drug completely inhibits the active transport of 3-methylglucose and
they suggest that the inhibitory action of ouabain is primarily on the
‘sodium pump'. If this is cerrect, then the finding of an inhibitory
effect of ouabain on calcium transport in_vitro would indicate that the
uptake is independent of the 'sodium pump'®.

n vivo studies in the presence of metabolic inhibitors are
mach more difficult to interpret, 2,4-Dinitrophenol and iodoacetate
were without effect on the transport of calcium. From these data, energy
does not appear to come from either glycolysis or oxidative phoéphorylation.
Only phlorizin reduced the level of transport to any extent. In Chapter 2,
the different characteristics displayed by in vive and ip vitro experiments

concerning the site of calcium absorption were discussed. Similarly, with
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inhibitor studies it may well be that the chick is capable of over-
comings in_vive, the effects of the reagent elther by detoxication or,
as already pointed out, if energy is gained from more than one source,
by utilising more efficiently alternate metabolic pathways to allow the
active transfer of calcium to occur at a normal rate.

Although the observations made in the presence of inhibitors
are of great value toward interpreting the nature of the process such
studies do not provide direct proof of a specific reaction being in-
volved. Many of the inhibitors are not specific for a single enzyme
reaction. For example, the ability of phlorizin to inhibit the phos-~
phatases that hydrolyse hexose phosphates is well known. However,
Shapiro (1947) and Lotspeich and Keller (1956) have also shown that
phlorizin inhibits the oxidative reactions of the citric acid cycle
and the generation of ATP which normally accompanies these reactions.
More detailed work would be required to confirm the primary action of
these inhibitors. In a recent review, Lotspeich (1960-61) has discussed
the action of phlorizin in inhibiting glucose transport. The effect of
this inhibitor on oxidative metabolism is thought to be due to an
alteration in the permeabllity of the mitochondrial membrane. High
energy phosphate is normally required to maintain the permeability of
this membrane. Glucose is believed to be transported through a blo-
logical membrane by combination with a membrane carrier and phlorizin
may inhibit at this site. An active carrier has already been postulated
for calcium transport so that an analogous situation may well exist which
could partly explain the inhibition observed with phlorizin., Rosenberg

and Wilbrandt (1957) visualise phlorizin as a steroid analogue, binding
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a membrane carrier through metal chelation or hydrogen bonding.

DeLuca and Engstrom (1961) have recently published observa—
tions on calcium uptake in kidney mitochondria. The presence of AIP,
magnesium ifons and an oxidisable substrate are necessary for this process
which does not appear to be undexr the influence of vitamin D. Although
ATP is required, inhibitor studieé suggested that the process was not
directly dependent on oxidative phosphorylation nor the operation of
the entire electron chain.

These findings are interesting in the light of the evidence
available from these present investigations., If the levels of ATP are
altered under rachitic conditions then the presence of vitamin D may be
an important factor in contrelling the cellular level of ATP. The enzyme
adenosine triphosphatase may alse play an important role in view of the
more recent observations on the mechanism of sodium transport (Whittam
and Wheeler, 1961).

It would appear from these present studies that active transpert
under anaerobic conditionz, in the absence of glucose, is dependent upon
the oxidation of endogenous-substrates. When the level of these sub-
strates 1s reduced, as in starvation, the calcium transport in the presence
of added glucose is also reduced.

The present investigations with chicks strongly supperts the
conclusion that a metabolically active membrane i1s required for calcium
transport. It is not possible with the data available to describe in
detail the mechanism of this process. As peinted out by Taggart (1958),
the demonstration that a tranﬁport mechanism can be inhibited by un-

favourable metabolic conditions such as anaerobiosis or selective enzyme
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inhibitiony provides only suggestive evidence of the active nature of
the transport. The maintenance of cellular structure is also dependent
upon continuous metabolic activity and subtle changes in the membrane
structure, for example, could modify diffusion processes as well as
active transport.

It would appear likely that calcium transport jn vive can
occur either by active transport or diffusion. However, conditions in
the small intestine, under normal dietary status, would seem unfavourable
to the presence of high concentrations of calcium in solution and calcium
uptake by diffusion must therefore be a very slow process. A mechanism
that rapidly moves the small amount of calcium ion across the membrane
would allow further dissociation of the sparingly soluble calcium salts
to take place and thus lead to a more rapid uptake of calcium. Hence,
this may be why the vitamin D active transport mechanism is necessary
for the transport of this small ion.

Robertson (1960) has postulated a general scheme to explain
the active transport of ions. He believes that the driving force behind
the movement of ions is the separation of a positive and negative charge.
The electron so separated is thus free to move through an array of
electron carriers present in a lipoidal membrane. A structure such as
mitochondria has been shown to be hypothetically suitable for the
separation of the charges.

Much of the evidence implicating oxidative phosphorylation
in an active transport mechanism stems from inhibitor studies with
2y4-dinitrophenocl. As pointed out by Robertson, however, such evidence

does not necessarily prove that ATP formed in oxidative phosphorylation
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is an intermediate in the process of transport. An alternative
explanation could be that the separation of charges and the formation
of ATP may be separate steps which, individually, may or may not be
inhibited by 2,4-dinitrophenol. This possibility may, therefore,
account for active calcium transport still taking place across chick
small intestine in the presence of 2,4-dinitrophenol.

To enable transport of ions to take place, Robertson visualises
a carrier capable of reversible oxidation and reduction in a lipoidal
membrane. The properties of this compound are important, for not only
is it necessary for the carrier to complex with the ion but it must alse
be capable of releasing this ion on the side of the membrane through
which its efflux is slow relative to its influx by active transport.
Combination of the ion with a carrier would thus allow movement of
the ion across a lipoidal membrane which was previously impermeable
to the free ion. Specificity of transpert may also be explained in
this hypothesis as a carrier in a non-agqueous membrane would have a
different affinity for a different ion.

Mitchell (1961) in an extension of Robertson's hypothesis,
has proposed a coupling of phosphorylation to electron and hydrogen
transfer by a chemi-osmotic type of mechanism. This worker also
visualises a compound present inside the cell capable of accepting or
donating electrons which, in combination with a reversible adenosine
triphosphatase system, can transport ions in either direction.

On the basis of these ideas, a tentative scheme may be post-
ulated for active calcium transport across chick small intestine. The

accumulated evidence from studies in this thesis suggests that, provided
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there is present an oxidisable substrate capable of producing energy
for the transport and an active carrier compound, then calcium transfer
across the membrane barrier can proceed normally and may be demonstrated
in vivo or in vitro. Although calcium transport in vitro relies upon
energy from glycolysis, neither glycolysis nor oxidative phosphorylation
are specifically required for transport under physiological conditions.
As suggested by DelLuca and Engstrom (1961), 1t may well be that only a
portion of the electron chain is required. From investigations reported
in Chapter 2, it was concluded that the delay between giving vitamin D3
treatment and the observed improvement in calcium absorption could be

explained if vitamin D, were being changed to a more active form.

3
Further studies outlined in Chapter 3, suggested that the adrenal gland
was the site of this transformation.

Evidence presented in this chapter clearly shows that calcium
is transported as the result of an active process. To fulfil the
requirements for such a mechanism the calcium carrier must be incorpor-
ated into the cell membrane, Further, in accordance with the hypothesis
proposed by Robertson (1960), this carrier must also be capable of under-
going reversible oxidation and reduction and thus permit the calcium to
be complexed.

It is postulated then that the following steps are involved in
the general scheme of calcium absorption:

(a) vitamin D, is changed in the adrenal gland to a form more active in
the transport of calcium

(b) active material is rapidly secreted from the adrenal gland and in-

corporated into the mucosal membrane of the small intestine.
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(c) oxidation and reducticn reactions within the mesbrane make energy
available for the transfer of calcium and also allow the calcium
fon to complex with the carrier.

(d) calcium is transferred to the serosal surface of the membrane where
specific reactions permit rélease of the calcium and the return of
the carrier to the site of calcium uptake.

The formation and pessible chemlcal nature of an active calcium carrier

is discussed further in the following chapter.
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SUMIARY

) 8 The transport of calcium across the small intestine was found
to be unidirectional. There was little transport of calcium from the
serosal to the micosal surface and vitasmin Ds-trntnmt did not
affect this movement.

2. Calcium was not transported at 0° C even under the influence
of vitamin D. It was considered unlikely that calclum transport, under
the influence of vitamin 03, was the result of a diffusion process. An
active transport mechanism was postulated.

3. Under starvation conditions or in the absence of added substrate,
the amount of calcium accumulated in the seresal fluld was partislly
reduced. From this evidence, it was concluded that endogenous sub-
strate can support at least 60X of normal calcium transport.

4, Ouabain did not inhibit movement of calcium across everted
distal sacs of vitamin Da-troaud chicks. This observation suggested
that calcium transport was independent of the ‘sodium pump®,

5. Several metabolic inhibitors were studied for their effect om
calclum transport in vitre. Anaerobic conditions, 2,4-diajtrophencl
or cyanide (1072 K) did not completely eliminate active mevement of
calcivm, lodoacetate under anaerobic conditions gave the greatest
finhibition (80X). From these studies, 1t was postulated that the
major portion of the in vitro energy for the active transfer of calcium
was being derived from reactions linked to the glycolytic cycle.
Oxidative phosphorylation could, however, contribute to a small extent.

6. Inhibition of calcium absorption was also studied in vive.

2y4~dinitzophencl, lodoacetate and jodoacetamide were without effect.
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Phlorizin inhibited to a small extent. Enexgy for the ip ¥iwve
transport of calcium thus appeared independent of either glycolysis
or oxidative phosphorylation.

7. Lactic acid present in the small intestine was estimated as
a measure of glycolytic activity. Vitamin 93 did not increase
glycolysis.

8. There was no increase in succinlc dehydregenase activity or
in the Q(Oz) value of respiring slices of small intestine follewing
vitamin Ds-mamt.

9. Chelation of calcium with EDTA decressed the amount of calcium
abserbed from duodenal loops in vive. It was thought that calcium
was normally in the ionic form for absorption.

10. The experimental findings were discussed in relation te the
present proposed theorles of active transport of ions. A tentative
schens has besn postulated to acceunt for calciua transport aeress

the small intestine under the influence of vitamin D.



CHAPTER 3

mmw-un«oew
Papt 1Is An sxasdnstion of various tissuss and
fiuids for the prssence of actiwe carrier saterial.

Discussien
Summary



A scheme was postulated at the end of Chapter 4 to indicate the
mede of action of vitamin 03 and the mechanism of calcium transport.
The calcium ion was thought to combine with a carrier eupomd activated
for the movement of calcium across the mucosal membrane. The theory
was postulated that the active calcium carrier could be derived from s
parent compound such as vitamin D, by transformation of this substance
in the adrenal gland.

The chemical nature and properties of this proposed carrier,
however, still remain to be defined. Raoul and his co-workers (Raoul,
LeBoulch, Baron, Chopin and Guerillot-Vinet, 1954; Baron, LeBoulch and
Racul, 19553 Raoul, LeBoulch, Baron, Bazler and Guerillot-Vinet, 1956;
Racul, 1958) have prepared derivatives of vitamin D possessing potent
antirachitic properties. They have demonstrated that one of these
compounds, known as kctomz’o. can chelate calcium. The calcium com—
plex so formed was found to possess an antivechitic potency in the chick
equivalent to that of vitamin DS' This compound would appear admirably
sulted for the role of a carrler compound as 1t is capable of undergoing
keto-encl tautomerism, thus permitting caleium to be readily complexed
and relessed.

Further investigations on the preparation and properties of
kehmm and its calcium complex are repuerted in Part 1 of this Chapter.
Following the synthetic prepsration from cholesterocl of a calciuam complex,
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a number of tissues and flulds were examined for the presence of material
active in increasing the transpert of calclum. Material was enly cen-
sidered "active' if (t stimulated an immediate improvement of calcium
abserption in the rachitic chick. Attempts to isclate this materisl
are described in Part 1 of this Chapter.
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BART L
THE ATTEMPTED PREPARATION OF KETONE,., AND THE CALCIUM ENOLATE OF KETONE o,

MATERI AND

.
Preparation of ketonezsc from cholesterol

The procedure followed, with cne exception, was essentially
as described by Raoul et al. (1954). As floridine XXS was not readily
available, this catalyst was replaced by Fuller’'s earth which was activated
by heating at 300° C for 2 hours. Cholesterol (10 g.) was dissolved in
400 ml, of carbon tetrachloride and after the addition of 80 g. Fuller's
earth the mixture was refluxed continuously for 5 to 6 hours until the
mixture turned black. The colour changes previously described by Bills
{1926) were observed during this procedure,

After separating the Fullexr's earth by vacuum filtration the
filter cake was washed several times with carbon tetrachloride and then
allowed to stand for 15 minutes with 50 ml. of dry peroxide-free ether,
stirring occasionally during this period. The erange-yellow ether
extract was filtered and the extraction and filtration cycle was repeated
several times until there was little colour appearing in the extract.
Finally, the Fuller's earth was rinsed once with 50 ml, of acetone and
this washing was added to the pooled extracts.

The organic solvent was removed in vacuo in a flash-evaporator,
keeping the temperature below 25° C. The residue was dissolved in carbon
tetrachloride and chromatographed on a column (180 mm. X 25 mm.) of

neutral Woelm alumina deactivated to Brockmann grade IV by the addition

The chemical nomenclature used during this preparation is that of Raoul
et al. (1954). This does not infer however, that the products obtained

are necessarily identical to those obtained by the latter workers.
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of water. Centinuocus washing with carbon tetrachloride removed a
highly coloured fraction whilst a brown band remained adsorbed to the
alumina. ¥When the eluate became colourless, the solvent was changad
te pure ether, and the new eluate appeared as an orange-red liéxld.

| The ether eluate was again taken to drymess and redissolved
in a mixture of petroleum ether (b.p. 40°-60°) and ether (%1, v/v).
The compounds present in this aixture were sep#rated by chromatography
on a column (160 ma. X 15 mn.) of neutral Woelm alumina deactivated to
Brockmann grade II by the addition of water. On washing the column
with the petroleum ether — éther mixture, an orange coloured substance
was removed (8°). When this solvent was replaced with ether the eluate
again appeared orange-red in colour (Pc).

After taking the eluate neariy te drymess, the product (Pc)
was treated with 5 ml. of 5% methanolic potassium hydroxide. The mix-
ture was bolled for exactly 1 minute on a water bath and distilled water
then added to give a total volume of 100 ml. A yellow precipitate was
formed. The alkaline hydrolysate and the precipitate were washed several
times with ether in a separating funnel and then acidified with sulphurlc
aclid until jJust slightly acid to litmus. The aqueous layer was ex~
tracted with S0 ml. of ether and the ether extract was washed once with
distilled water and then taken to dryness in vacue.

The product was dissolved {n petroleum ether and again chromato-
graphed on a column (150 sm. X 10 mm.) of Woelm alumina deactivated to
Brockmann grade II by the addition of water. The fraction adsoxtnﬁ on
the column was washed with petroleum ether and finally eluted with a
mixture of petroleum ether and ether (1¢9, v/v). When this eluate was
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taken to dryness the product obtained was an orange-brown waxy material

(ketone The average yleld of material was 25 mg.

250)'
ation of the calcium complex of ke 0 (compound 83)

The ether extract containing cempound Pc was taken to dryness
in a flash evaporator and the residue (150 mg.) was boiled for 1 minute
with 5 ml. of 5% methanolic potassium hydroxide. This mixture was
diluted to 100 ml. with a solution containing 20 mg. calcium and 20 pc.
Ca45 and then allowed to extract inte 100 ml. of peroxide-free ether over
a period of 24 hours. The ether layer was removed and evaporated to
dryness in vacuo. The residue (90 mg.) was redissolved in a known .
volume of ether and the Ca45 présent was estimated by scintillation
counting.

Biologlcal ass f active materia

Rachitic chicks were dosed orally with compound 8, dissolved

3
in arachis oil 16 hours before preparing ip vive isolated duodenal loops
(Method A). Each chick received 2 mg. of this compound. Radiocactivity
in the plasma was measured by an end-window geiger counter (P 27 (a) 1).
S otometric ass
The IR spectra were recorded on a double~beam recording

spectrophotometer, This work was carried out by Mr. A.L. Moritz of

the Department of Organic Chemistry, University of Adelaide. Absorption

in the UV range was determined with a Shimadzu recording spectrephotometer.
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BESULTS

The yield of ketonezso was poor, being less than 0.5%..
Although this compound was prepared six times, the maximum amount of
material obtained from any single preparation using 10 g. of cholesterol
was 50 mg. The substitution of the Fuller's earth for floriaine XXS may
possibly account for these results, When the IR spectrum of the ketonezso
was examined, an absorption band of high intensity was seen in the region
5.7 - 5.8 p. which suggested the presence of a carbonyl grouping (Figure 30).
Deformations due to OH and -CH2- frequencies were prominant in the regions
2.9p; and 3.4p, respectively. The IR spectrum was strikingly similar to
that reported by Raoul (1958).

An attempt was also made to identify the product from its absorp-
tion in the UV range. The product was dissolved in absolute ethanol and
its abserption determined from 230 mp. to 320 mp. There was no indicatien
of strong absorption at 250 mu which Racul (1998) previously observed with
ketnnezso. Further, the product appeared extremely lablle under these
conditions. The initial UV absorption spectrum of this compound could
not be reproduced once the solution had been briefly exposed to the beam
of UV light in the spectrophotometer (Figure 31).

The semicarbazone and 2,4-dinitrophenol hydrazone could not be
prepared, contrary to the claims made by Raoul and his co-workers whe
have put forward apparently convincing chemical evidence in support of
the proposed compound. As the substance isolated was certainly not pure,

an elementary analysis of the product was not obtained.,.

During the preparation of compound 83, s
instead of Ca40 to the reaction mixture following alkaline hydrolysis

the addition of Ca



FIGURE_30. Infra-red spectrum of ketone The material was analysed as a nujol mull using

250°
a NaCl prism at 26° C.

WAVELENGTH (microns)



9% ABSORPTION
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provided a means of demonstrating the formation of a calcium complex.
When an ether extract was made of the original hydrolysate which con-
tained 1 pc. per mg. calcium, the amount of radloactivity estimated in
this extract was 45,000 c.p.m./ml. After applying the necessary back-
ground, quenching and efficiency corrections, the total counts per minute
at 100¥ efficiency present in the extract were 556,200, As 1 pc. is

=6

equivalent to 2,2 X 10 = disintegrations per minute at 100% efficiency,

it is evident from the data available that the extract contalned 0.25 pec.
Ca45 or 250 pg. calcium in a total weight of 90 mg. material, Under
similar conditions, except for the absence of any cholesterol derivative,
no radiocactivity was detected in the ether extract.

The UV spectrum of this compound (83) was also determined,
In this case it was first necessary to initially extract the alkaline
hydrolysate with ether to remove any unhydrolysed Pc. Such a procedure
is practicable as Pc is rapidly taken up by ether whereas Raocul and his
colleagues (1954) have shown that the calcium complex is only slowly
extracted into ether, There was no evidence of strong absorption at 265 mp
in ether, as previously descibed for this compound. A peak was observed
at 232 mp (Figure 32),

The IR spectrum of this compound is reproduced in Figure 33.
When compared with the IR spectrum observed with ketonezso (Figure 30),
the spectrum shows that the carbonyl grouping, previously noted in the
region 5.7 - 5.8 p. has shifted to 5.8 - 6.0 . and is also reduced in
intensity (comparatively only). When tested for its ability to increase

calcium absorption in chicks, there was no evidence to suggest that

compound 83 was active in this regard. Table 24 shows that there was
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FIGURE 33.

Infra-red spectrum of the calcium complex of ketone
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THE EFFECT OF A CALCTUM COMPLEX ‘83! ON CALCIUM ABSORPTION FROM DUODENAL

The calcium complex was dissolved in arachis oil and rachitic chicks

received 2 mg. by stomach tube 16 hours prier to introdueing Ca""cxz

into the loop. Plasma ca®® levels were measured after preparing iselated
duodenal leops in yive. Each value is the mean of 4 birds,

Treatment ca®™ c.paa. X 167%/al. plasma
TINE (mins)
10 20 30
- 0.700 0.725 0.850
8, 0.650 0.700 0.825

53 1.177 2.307 2.407
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ne increase in the level of plasma Ca45 above the rachitlc control

value in the group receiving oral treatment with the calcium complex.



123

EART 11
AN EXAMINATION OF VARIOUS TISSUES AND FLUIDS FOR THE PRESENCE OF ACTIVE

CARRIER MATERIAL

Kodicek and his colleagues have recently investigated the

14

pattern of C" ~labelled vitamin D metabolism in the rat (Kodicek, 1956 aj

Kodicek, 1960). The data obtained following the giving of an oral dose

1

of 1 mg, C 4—labelled vitamin D, to rachitic rats indicated that, of the

2
total radioactivity recovered, 70.9% was in the form of breakdown pro-

‘ducts and only 30.3% was associated with vitamin D A similar pattern

n*
of distribution could also be demonstrated with much smaller doses of
vitamin D (10 pg.).

More interesting, however, was the relationship of time with
the distribution of the vitamin in the tissues following its admin-
istration intravenously. Table 25 reproduces some results obtained by
Kodicek, Cruickshank and Ashby (1960). Very little of the vitamin
appeared in the adrenal gland, contrary to a recent report by Raoul and
Gounelle (1958). within 20 minutes the major portion of the dose
accumulated in the liver and even after 5 hours the liver still retained
one half of the dose. A considerable amount of radioactive material
believed to be vitamin D associated with serum proteins (Innes Chalk
and Kodicek, 1960), continued to remain in circulation.

Bile may also play an important part in the metabolism of
vitamin D as it may be involved in the absorption and re-excretion of
the vitamin in mammals (Greaves and Schmidt, 19333 1934 a, by Taylor,
Weld and Sykes, 19323 19353 Heymann, 1937 b). Kodicek (1956 a) has

also suggested that the vitamin D breakdown products found in the faeces



(Reproduced from the data of Kodicek, Cruickshank and Ashby, 1960)

Two rats were injected with 200 pg. G *-lsballed vitamin D, and
the tissues analysed at varying tise intervals. The figures in
paventhesis represent the percentsge of the dose recovered as

vitnln De
i 14
% total C” -recovered
TIME
20 ain. 40 min. 5 hours
Adrenals 1.3 (1) 0.2 0.5 (0,2)
Liver 54.3 (48.9) 60.1 (%5.4) 50.0 (47)
Blood 10.7 113 9.1

Iatestinal tissue 1.9 0.4 1.3
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originate from the liver and that these products are then excreted
through the bile. These interesting observations suggested that an
examination of the various tissues and fluids after vitamin D3 admin-
istration to chicks might assist in the isolation and identification

of active carrler material.

BILE

The influence of bile on calcium absorption in rachitic chicks

terials a thods
Bile was obtained from the gall-bladders of freshly killed rachitic and
vitamin D3-treated chickss The chicks which had been treated with

vitamin D3 received an oral dose of 100,000 I.U. vitamin D, over a period

3
of 4 days. Bile from these birds has been designated 'normal' bile,
whilst bile from the rachitic chicks will be referred to as 'rachitic’
bile, Isolated duodenal loops were prepared from both rachitic and
vitamin Da-treated (100 I.U, - 16 hours) chicks (Method A). The influence
of bile on calcium absorption was observed in rachitic chicks only, the
vitamin D3-treated group serving as controls to estimate the extent of
calcium absorption due to the presence of bile.

An aqueous solution (0.5 ml.) containing 4.0 mg Ca4o, 8.0 pc,
Ca45 and O,1 ml. bile was inserted into the ligated duodenal segment.
In place of the bile solution, rachitic and vitamin D3
groups received the Ca4§Cl2 test solution containing 0.1 ml. saline

~treated control

(0.9%). Calcium absorption was measured by following plasma ca™®® levels
at varying time intervals. Prepared plasma samples were then counted
using a thin end-window geiger tube (P 27 (a) i).

Results
Filgure 34 presents the results of this experiment. Bile stimulated an



EIGURE 24
Bile was obtained from rachitic chicks (rachitic bile) and from chicks
dosed ever a period of 4 days with 100,000 I.U. vitamin D, {noxmal
bile)e Ca*> was measured in plasma after preparing ducdenal loops
in.Yiye. O.l ml. of the respective bile solution together with 0.4 ml.
Ca%lz solution was inserted into the prepared loop. Contrels con-
sisted of rachitic and vitamin Da-treahd chicks whe recelved 0.1 mi.
saline in place of the bile selution. Each point represeats the

sean of 4 birds.

X — — — X rachitic contrels
@ — — — @ rachitic chicks with rachitic bile
A\ rachitic chicks with normal bile

(o) O vitamin D ~treated controls
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increase in circulating plasma calcium above the level of the rachitic
control group. The increase, however, was not as marked as the effect
observed after vitamin D3-treatment. 'Rachitic' bile was equally as
effective as "normal' bile in promoting calclum absorption.

The isolation and bioassay of active material in bile

Materials and methods
Ejght-week o0ld cockerels which had been raised from birth on a diet

adequately supplemented with vitamin D3, were obtained frem a local
hatchery. These birds were heavily dosed with vitamin Dy (100,000 1.U.)
over a period of 3 days before removing blle from the gall-bladders.

The Eile was immediately poured into 50 ml. of a mixture of boiling
ethanol and ether (1:1, v/¥). The precipitate was removed, washed once
with the same solvent and the combined extracts were then taken to dryness
in vacue. Finally, the residue was redissolved in 3.0 ml., of propylens
glycol with gentle warming.

The material obtained was tested for its bislogical potency in
promoting calcium absorption in rachitic chicks. One hour after admin-
istering the extract by intracardial injection to rachitic chicks, in vive
duodenal loops were prepared (Method A), and calcium absorption was
studied by following the level of plasma Ca45. Samples of plasma were
counted as previously described (P 27 (a) 1).

esu
No increase in circulating 0345 was observed in the rachitic chicks

receiving the bile extract as compared to their rachitic controls (Table 26).



ca®® was messured in plasms after preparing in vivg isolated duodenal

loops of rachitic and vitamin D, -trested chicks (Methed A). 0.5 ml.
plasas plus 0.25 al. Ca'°Cl, test solution was inserted directly ints
the ligated loops or rachitic bizds. Controls were given 0.5 ml.
saline (0.9%) in place of the plasma. Extracts of bile and the
adrenal gland (0.15 ml.) were injected intrscardially into rechitic

chicks 1 hour befere inserting Ca >

in the ligated seguent. Contrels
received 0.15 ml. propylene glycol under the same conditions. Each

value is the mesn of 4 birvds,

Treatment ca®® Cepole X 10'3/n1. plassa
TIME (mins)
13 30 45
- (both controls) 0.54 0.82 1.49
D3 3.54 4,50 4,20
Bile extract 0.73 0.88 1.45
Plasma 0.60 0.82 1,40

Adrenal extract 0.68 0.80 1.42




A group of rachitic chicks approximately 35 days old were dosed orally
with 7,000 I.U. vitemin 03 over a period of 1 week. The birds were
killed by removing blood from the heart, using a heparinised syringe.

The blood was immediastely centrifuged and the plasma pooled and stored

at 4° C until required. Jn yivp duodenal loops were prepared in
rachitic chicks (Method A) and each bird received directly ints the
1igated segment 0.5 mi. plasms plus 0,25 ml. of a solution containing

4.0 mg. Ca*® and 8.0 pc. Ca®>.  Rachitic controls were given 0.25 ml.

of the Ca‘C1, solution and 0.5 al. saline (0.9). At given time
intervals, samples of blood were removed and the radicactivity in the
plasea was measured (P 27 (a) ).

Bssults

It is evident from the results suzsarised in Table 26 thst plasma ebtained
from the vitamin D -treated chicks did not improve calcium absorption when
tested in rachitic chicks,

twelve-week old cockerels were obtained from a local poultry farm. These

birds had received a diet adequately supplamentsd with vitamin D, since
hatching. The birds were killed, the livers excised and immediately
chilled on an ice—cold petri dish. After cutting into small pieces, a



27

liver mince was prepared by forcing the tissue through a stainless
steel grid (30 mesh) held in a 20 al. polythene syringe. The since
was divided fnto three parts, and 7 g. were added to each flask con-
taining the following incubation sdxturess-

Flask Incubation D, (75 pg.) Temp.

Ho. sedium
1 4,8 ml. + 3P
2 4.8 al. - <Yt
3 4.8 ml. + ar

The incubation medium consisted of a3 Krebs-Ringer-bicarbonate solution
which was prepared as described by Usbrelt, Burris and Stauffer (1949)
with the exception that no calcium was added. To this medium was added
a solution of vitamin D, (0.2 ml. = 75 pg. D,) dissolved in propylene
glycol.

The flasks were incubated in a metsbolic shaker incubator for
1 hour under asrobic conditions. At the end of this period, the con-
tents of each flask were homogenised in a Loupdes topdrive homogenisex
at 18,000 r.p.m. for 30 seconds with cold ether. The homogenate was
then centrifuged at 10,000 X g. for 15 mimutes at 0° C, and the aquecus
and other layers removed. After washing the aqueocus layer twice with
ssall portions of cold ether the combined sther extracts ware taken to
dryness in vacue and the residue redissolved in 1.5 ml. propylene glycol.
Residues obtained from incubation flasks 1, 2 and 3 will be designated
as extracts Ay B and C respectively in the following experiment,

Blological sctivity of the liver extracts. The biologlesl



128

potency of extracts A, B and C prepared as above was determined by
studying calcium absorption from in vive duedenal loops of rachitic
chicks (Method A). Groups of chicks received 0.15 ml. of the approp-
riate extract by intracardial injection 1 hour before the calcium test.
Rachitic and vitamin D3-treated control groups were given 0,15 ml.
propylene glycol in a similar manner. The absorption of calcium was
followed by measuring the amount of radicactivity present in the plasma
after inserting the test dose of Ca45b12 into the loop. Ca45 in plasma
was measured as described earlier (P 27 (a) 1).
Results
The experimental findings are summarised in Table 27. Following over-
night treatment with vitamin D3, there was a marked increase in circulat-
ing calcium in comparison to the rachitic controls. Extract A, which
might have been expected to give a positive response if active carrier
material were present, did not stimulate an increased uptake of calcium,
Likewise, plasma levels of Ca45 from rachitic chicks receiving extracts
B and C showed no significant increase above the original rachitic value.
ADRENAL GLAND
e influe of an adrenal gland e t on calcium absorption i
rachitic chicks
Materials and methods
Preparation of an adyrenal extract. Three twelve-week old

white leghorn cockerels obtained from a local hatchery were heavily
dosed with vitamin D, ( 100,000 I.U.) over a period of 5 days. The
birds were then killed, both adrenal glands excised and immediately

immersed in 3.0 ml. ice-cold propylene glycol. Using a Potter-Elvéjhem



Liver extracts were injected intracardially inte rachitic chicks 1

hour before the calcium test. Detalls concerning the liver extracts
have been described under the Methods section; Plasma 6345 levels
were measured after preparing in vive duodenal loops from rachitic and

vitamin Dae-treaud chicks, Each value is the mean of 4 birds,

Treatment Liver ca® -3
em‘t C P ollite x 10 /‘1 Y plaS-a
TIME (mins)
1% 30 45
93 - 2.580 3.5%0 2.87
e A 0 om 1 om 1 .530
- B 0,680 1.050 1,370
- c 0.950 1.470 1.240




129

teflon homogeniser the tissue was homogenised for 3 minutes at 0° c.
The homogenate was transferred te chilled centrifuge tubes and the
debris removed by centrifugation at 80,430 X g. for 15 minutes at 0°® C,
using a Spinco refrigerated centrifuge (model L, rotor No. 40-2). The
supernatant was used in the biological assay described below.

The activity of an adrenal extract in rachitic chicks. Of the
supernatant prepared as above, 0.2 ml. was injected intracardially inte
rachitic chicks 1 hour prior to the calcium test, In vive duodenal
loops were prepared and the Cad's'CI2 test solution placed in the ligated
segments (Method A). At given time intervals, blood was withdrawn and
plasma samples prepared in the usual manner (P 27 (a) i). Beth a
rachitic and a vitamin D3 greup were included in the experiment, each
chick receiving 0.2 ml. propylene glycol in place of the adrenal extract
in the manner described above.

Results

When a crude adrenal extract was injected intracardially into rachitic
chicks there was no indication that such a preparation could improve
calcium absorption within 1 hour of its administration. The data
presented in Table 26 shows that there has been an increase above the
rachitic level in circulating Ca45 following the giving of the extract.

Under the influence of vitamin D3 however, the amount of radiocactivity

circulating in the plasma has increased approximately five-fold.
INTESTINE
Attempted extraction of a calcium complex from the intestine

Materials and methods
Extraction with ether. A group of rachitic chicks was given
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an oral dose of 10,000 I,U. vitamin D, on two consecutive nights prior

3
to the experiment. In vive duodenal loops from both rachitic chicks

and the vitamin Ds-treated group were then prepared and perfused with
5#012 as described earlier (Method B). After 15 minutes, the per-

fusion apparatus and locops were drained of all fluld. The tissue was

034

cut into small pieces and quickly immersed into a flask containing ice-
cold ether. After overnight extraction at -16° C the ether extract was
washed twice with distilled water and then taken to drymess in vacue.
The residue was redissolved in 1.0 ml. chloroform and 0.2 ml. aliquots
were spread en 1 cmz. aluminium planchets and allowed to dry under an
infra-red drying lamp. Radioactivity in the samples was determined
using anend-window geiger counter. SamplesAof plasma obtained at the
completion of the perfusion were also counted in the same manner to
ascertain the effect of the vitamln treatment.

Extraction from a preparation of freeze—dried intestine
(a) Preparation. Everted gui sacs prepared from rachitic and vitamin
Dy-treated chicks (100 1.U. ~ 16 hours) were incubated in the presence
of Ca45012 as described earlier (Method E). After 1 hour, the loops
were removed, rinsed once with physiological saline and the tissue was
then placed in a freeze-drying apparatus until dry. The tissue was
removed, finely ground in a pestle and mortar, and then stored at ° Ce
in a desjgcator containing sulphuric acid, in the dark until required.
(b) Perchloric acid extract. 10 mg. dried tissue from vitamin Da-treated
chicks was digested with 1.0 ml. 0.5 N perchleric acid at 70° ¢ for 2

hours. The residue was removed by centrifugation at 2,000 X g. for

10 minutes. Radioactivity in the supernatant was measured by scintill-
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ation counting.

(c) Papain extract.

(1) Preparation. 200 mg. tissue from vitamin D,-treated
chicks, suspended in 9.0 ml. water, was digested with 1.0 ml. papain
(25 mg./ml. in Q03 M cysteine) at 70° C for 2 hours and the supernatant
liquid was retained for further study.,  Protein in a portien of the
supernatant was precipitated by the addition of an equal volume of 0.5 N
perchloric acid, and the radioactivity in the acid extract was determined
by scintillation counting.

(i1) Ultrafiltration of the papain digest. A small portion
of the supernatant prepared as above was passed through 8/32 visking
tubing in vacuo. The radicactivity in the ultrafiltrate was measured
by scintiliation counting. The sample was added directly to the
scintiliator phosphor contained in the counting vessel.

(i1i) An ether extract of the papaln digest ultrafiltrate.
An equal volume of ether was added to a small portion of the ultra-
fiitrate. The mixture was allowed to stand for 24 hours, and then
sepérated. 0345, extracted into the etherial layer, was measured by
scintillation counting.

Results

As indicated in Table 28, Ca45 was detected in small amounts
in the residue obtained from both groups. Slightly less radicactive
material was extracted from the intestine of the vitamin DS-treated
chicks as compared to the rachitic group, suggesting that the amounts

of extractable material were not influenced by vitamin D, treatment.

3
That vitamin D3 has been effective in promoting calcium absorption

during the 15 minute perfusien is demonstrated from the increased plasma



IABLE 28
ION OF Ca’® INTESTINE SHORT=TERM_IN VIVO

ON _OF D,

Duodenal loops from rachitic and vitamin D -treated (100 I.U. - 16 heurs)

3
chicks were perfused in vive with 0345(:12 (Methed B) for 15 minutes.
C:aa"5 was then estimated in plasma as a measure of the influence of the
vitamin Da—tmatmnt on calcium absorption. The intestine was extracted
for several hours with ether and the extract evaporated to dryness.

Ca‘s was measured in the ether residue. Each value is the mean of 3

birds.

Treatment Ca‘s CoDolly X 10-3/-1..
Plasma Intestinal extract

- 1.12 2,00
B3 2.9 1.50
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counts in the treated group (Table 28).
Table 29 summarises data obtained during experiments with a

preparation of freeze-dried intestine from vitamin D_~treated chicks.

3
On the assumption that perchloric acid treatment liberates all of the
tissue bound calcium, digéstion with papain released 50¥ of the calcium.
It would appear also that the majority of the calcium liberated during
the lncubation was either lonic calcium or was calcium bound to a low
molecular weight material. This conclusion is based on the rapid
escape time (approximately 50% in 30 minutes) of the calcium from the
dialysis sac. Attempts to extract the soluble calcium into ether were
unsuccessful .
The influence of serotenin on calcium transport

In recent investigations, Woolley (1958) and Woolley and

Campbell (1960) have demonstrated that in_vitre, in the absence of any
cells or cell particles, calcium may become fat-seluble and move through
a lipid phase. This form of calcium transport required the presence of
serotonin and a crude lipid extract which Woolley has shown may be
extracted from hog ducdenal tissue. From these important observations,
Woolley has postulated that serotonin can combine with a specific lipid
in the cell membrane (serotonin-receptor) and that calcium can then be
complexed by this serotenin-receptor compound. The resulting complex
which is thus rendered fat-soluble, is free to diffuse across the mem-
brane. As a result of specific enzymic reactions, the calcium could
then be released at the new site.

This remarkable demonstration of a fat-seluble calcium complex
and the proposed mechanism for calcium transport in a 1ipid phase, has

many features in common with the hypothesis outlined in Chapter 4,



Everted gut sacs from vitamin D3-treat¢d chicks were incubated in the
presence of 0345012 (Method E). After 1 hour, the sacs were removed
and the tissue was freeze-dried, Ca45 was extracted from the prepar-
atien with 0.5 N perchloric acid and the radioactivity in the extract
was determined. The tissue was also digested with papain (25 mg./ml.)
and Ca45 was measured (a) in a pérchloric acid extract of the super-
natant from the papain digest (b) after ultrafiltration of the digest
(c) in an ether extract of the ultrafiltrate.

Treatment ca® cep.ms/ % efficiency
mg. tissue of the treatment
Perchleric acid extract 92.82 100
Papain digest supernatant 46.0 49,6
Ultrafiltrate of papaln digest 34.6 37.3

Ether extract of the ultrafiltrate - -
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involving an active calcium carrier. It was therefore important to
examine more closely, the effect of serotonin on calcium transport

and in particular, the participation of vitamin D3 in such a serotonin-
receptor-calcium transport mechanism.

Materials and methods

AR A e

Preparation of serotonin-receptor. Crude serotonin-receptor
material was prepared essentially as described by Woolley (1958).

Immediately after death, duodenal and distal segments of small intestine
were excised from groups of rachitic and vitamin D3—treated birds. Each
group consisted of 4 chicks. The segments were split longitudinally
and then cut into pieces approximately 1 cm2. and allowed to fall into

a mixture of ether and absolute ethanol (2:1, v/v) kept at 0° c. For
each g. tissue 15 ml, of solvent was used.

During the extraction of the serotonin-receptor material, the
mixture was stored at -16° C for 24 hours and was occasionally shaken
during this period., The residue was then separated by filtration in
the cold, washed once with 50 ml. of solvent, and the combined solvent
extracts were taken to dryness in a flash-evaporator with the temperature
below 30° C. The material obtained was immediately dissolved in a small
volume of a mixture of equal parts of n-butanol-benzene.

Assay. Formation of the serotonin-receptor-calcium complex
was carried out in a 10 ml. graduated centrifuge tube containing 5.0 ml.
of benzene-butanol extract, 4.0 ml. of Ringers—calcium selution and

S 5)

0.1 ml. of ca’ ClL, (0.2 pc. and 20 pg. ca’

. The mixture was shaken
vigorously for 5 minutes and then centrifuged at 2,000 X g. for 10 minutes

to separate the organic layer from traces of the aqueous phase. Samples
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of the organic phase were retained to measure radioactivity present.

Controls, Two sets of control tubes were included in the
experiment. Controls without the addition of rachitic or vitamin D3-
treated extract to the calcium solution measured the amount of calcium
transferred to the benzene-butanol solvent in the presence or absence
of serotonin. Further control tubes which lacked serotonin but con—
tained the tissue extract, tested the ability of the extract to combine
with calcium and form a fat-soluble complex.

Ringers-calcium solution contained NaCl (900 mg.), KC1 (42 mg.),
NaHQO (50 mg.), glucose (50 mg.), serotenin (S5-hydrexy tryptamine
creatinine sﬁlphate (2.5 mga), ca*0 (45 mg.) and water to make 100 ml,

Estimation of Ca45. Radioactivity present in the organic
phase was measured by scintillation counting.s A sample of the extract
was added directly to the scintillator phosphor contained in the count-
ing vessel. As the benzene-butanol layer was highly celoured, quench-
ing measurements were carried out by the addition of a standard solution

5

of Ca4 Cl2 to the counting fluid., The necessary quenching cerrections

have been taken inteo consideration in the final evaluation.

Incubation of everted intestinal sacs, Everted sacs of distal

small intestine were prepared from rachitic and vitamin D ~treated chicks

3
(Method E). Incubation medium in the test flasks contained serotonin
(25 pg./ml.). Accumulation of ca® in the serosal fluid was measured
after 1 hour and compared with data obtained frem sacs incubated under
simllar conditions but in the absence of any added serotonin. Radio-

activity was estimated by scintillation counting (P 27 (b) i).
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Results
Table 30 demonstrates that calcium may be made fat-soluble in
the presence of an extract from chick small intestine. The formation
of this complex does not appear to be under the influence of vitamin

D, as there was no significant variation in the level of radicactivity

3
using extracts from rachitic or vitamin D3-treated intestine. Further
the presence of serotonin in the incubation mixture did not improve the

a5

transfer of Ca ~ from the aqueous to the organic phase.

S in the absencé of tissue

There was no transfer of Ca4
extract whether serotonin was present or absent from the medium. A
relatively greater amount of calcium was transferred with extracts of
duodenal tissue as compared to distal tissue., This would suggest
higher concentrations of the receptor substance in this region of the
small intestine.

Similar observations were made when calcium transport was
studied with in vitro everted sacs (Table 31)., Under the influence

of vitamin D,, there was an inéreased accumulation of Ca45 in the serosal

3’
fluid. The addition of serotonin to the mucesal fluid did not stimulate
further transport in either rachitic or vitamin D3—treated preparations.
On the contrary, the results suggest that there has been a slight

inhibition of calcium movement 1n the presence of serotonin,



Accumilation of Cra45 in a mixture ef n-butanol and benzene was measured

after incubation of a Ringers C:a‘sm2 solution with serotonin and a cell-
free extract of small intestine® from either rachitic or vitamin Dy~
treated chicks. The cell-free extract was contained in the mixture
of p~butanol and benzene. The addition of serotenin to the Ringers

solution is indicated by a positive sign.

Treatment  Origin of Serotonin ca®®
tissue c.pem. X 10 </
g. tissue
- distal + 1.99
D3 distal + 2.22
= distal - 2.30
D3 distal - | 2.18
- duodenal + 5.16
D3 duadenal + 4.95
- no extract + -

- no extract - =




Accumulation of 6345 was measured in the serosal fluid of everted
distal gut sacs from rachitic and vitamin Ds-mated chicks.
Serotonin (25 pg./ml.) was added to the mucosal fluid. Each value
represents the asan of 8 birds t+ standard error of the mean,

Treatment Serotonin Seresal

Ca " c.pme X 10"3
accusulated/hour
= = 1.872 + 0.23
= + 1.429 £ 0.56
Dy - 6.120 ¥ 0.50
D, 4 4,926 + 0,70
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DISCUSSIO!
The importance of a carrier compound capable of complexing
calcium has been stressed from previous considerations on the mode of

action of vitamin D, and the mechanism of calcium transport. Using

3

as starting material cholesterol, vitamin D2, vitamin D, or dihydrotachy-

3
sterol, Raoul and his co-workers (Raoul et al., 19543 Baron et al.,

19555 Raoul et al,.,, 19563 Raoul, 1958) have prepared a number of
derivatives, the most important oflwhich appears to be a 9,10-seco-steroid
with hydroxy groups in positions C7 and C19 of the original molecule.

This compound may be stabilised in the presence of calcium to form a
lipid-soluble calcium complex. Such a product, when tested for its
antirachitic potency in the rachitic chick, gave a response equivalent

o that of vitamin D3.

Considering the important properties of this compound, an
attempt was made to isolate a quantity of this active material for
further investigations of 1ts actions in the rachitic chick. When
cholesterol was treated with Fuller's earth the colour changes during
the reaction and the subsequent separation of the components of the
reaction mixture appeared to follow the pattern described by Raoul et al,
(1954) ., There was, however, no confirmation that the final product
obtained, in the absence of calcium, was a compound of the proposed
structure of ketone250. The IR spectrum suggested the presence of a
carbonyl grouping, but the UV absorption at 250 mu which Raoul (1958)
claims to be characteristic for this compound was absent. If the two

compounds are identical, then it is hard to imagine how one can success-—

fully determine its absorption in the UV region with such a labile
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compound. There was no chemical evidence that the compound prepared
possessed a ketonic functional grouping suggesting that the carbonyl
detected by IR must be heavily hindered.

Studies with the calcium complex proved a little more fruit-
ful. The formation of a fat-soluble calcium complex was demonstrated
by means of Ca45. This in itself is a noteworthy feat as calcium ions
alone did not penetrate into the organic phase. Again it was difficult
to compare the compound with the blologically active calcium complex
previously reported by Raoul (1958). The IR spectrum of this compound
showed that the carbonyl absorption was reduced in intesity and that
there had been a slight shift in the position of the maximum absorption.
I1f enolisation were required before the calcium complex was formed,lone
would expect to find significant changes in the spectrum, with no
evidence of a carbonyl grouping. When given to rachitic chicks, this
compound gave no indication of being biologically active in prometing
calcium absorption from the small intestine.

Recert investigations by Irmscher, Wirts and Daehne (1959),
who have also been unsuccessful in preparing ketonezso, cast some
doubt as to the authenticity of the products obtained by Raoul and his
colleagues. The former workers isolated a number of dehydration products
after floridine treatment of cholesterol but 9,10-seco-steroids were not
found. These products appeared as resins with UV absorption at 250 mu.
250° Vitamin D3 was also isomerised
into iso~tachysterol which was further converted by atmospheric oxidation

and gave IR spectrum similar to ketone

to give a compound absorbing at 250 mp. and with a similar IR spectrum to

that of ketone25o. However, the product so formed did not have the
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properties of a 3,10 diol nor that of an a,p-unsaturated ketone.

Kodicek and Ashby (1960) from an examination of biclogically
active fractions from rat tissues, were not able to detect the presence
of any ketonezso. Despite this lack of collaborating evidence the
possibility of a change in the vitamin D molecule to a more active form
of the type proposed by Raoul presents an attractive hypothesis. Such
a transformation would give opportunities of oxidation and reductien or
of keto-enol tautomerism that would permit the carrlier to release its
calcium, for example, in the manner required in the theory eof cation
transport recently postulated by Robertson (1960).

Heymann (1937 a) and more recently Kedicek (1960) have studied
the distribution of vitamin D in varicus organs and fluids of the body.
Observations from these experiments suggested a basis for further in-
vestigations on the nature of the material postulated as being required
for the active transport of calcium,

In 1904, Pavlov, and later Wisner and Whipple in 1922,
implicated bile salts in the absorption of calcium after noting that
dogs with biliary fistulas developed extensive osteoporosis. It was
assumed that bile salts, which were thought to promote vitamin D and
calcium absorpticn, could account for this condition. Greaves and
Schmidt (1932), and Taylor, Weld and Sykes (1935), claimed that bile
enhanced calcium uptake only indirectly as the result of a greater
absorption of vitamin D. Heymann (1937 b) found that vitamin D was
not present in the serum of dogs when the bile duct was ligated. This
author thus concluded that vitamin D was not abserbed unless bile was

present in chyme, Verzar and McDougall (1936) offered a possible
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explanation for the effect of bile on calcium absorption when they
observed the hydrotropic action of bile on calcium soaps. They have
suggested that calcium, bile fatty acid and bile acids form a soluble,
diffusible complex in the intestine which, when broken down in the liver,
leads to the liberation of calcium in the blood stream.

More recently, Lengemann and Dobbins (1958) have re-investigated
the role of bile on calcium absorption. When bile flow was stimulated
by injection of sodium taurocholate, there was an increased calcium
absorption from the intestine. Ligation of the bile duct removed the
influence of sodium taurocholate., The effect of the bile could not be
correlated with a change in the intestinal pH. Vaughan and Filer (1960)
were unable to confirm this reported effect of bile on calcium absorption.
When bile was inserted directly into ligated duodenal and ileal segments
of rat small intestine, there was no increase in calcium absorption.

1f a physiologlcally more active form of vitamin D were being
re-excreted into the intestine then the appearance of such a compound in
bile would offer an explanation for the observed increase in calcium
absorption. The importance of earlier observations by Russell and
Chichester (1931) and Russell, Taylor and Chichester (1934) are, however,
difficult to evaluate with this concept. These workers observed that
the gall=bladders in rachitic chicks were much larger and that the amount
of bile was much greater than in normal chicks, Whether an increase in
bile flow is the result of a compensatory mechanism for the lack of
carrier material and hence the lack of calcium for skeletal requirements,
is perhaps a thought worthy of further consideration.

Although the present investigations confirm the effect of bile

on the uptake of calcium, vitamin D did not influence this process.
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Similar findings have been reported by Coates and Holdsworth (1961).
When bile salts were precipitated from the blle extract and the material
extracted was then given intracardially 1 hour before measuring calcium
absorption from the intestine, there was no increase in the absorption of
Ca45 as measured by the plasma Ca45 levels, The positive response
produced with bile would thus appear to be associated with the bile salts
themselves, which may be exerting a hydrotropic action on the gut, allow-
ing greater transport of the calcium ion. It is obvious, however, that
an adequate explanation for the influence of bile on calcium absorption
is still lacking. Further investigations on the role of bile in calcium
metabolism could prove very interesting.

The importance of liver function in calcium metabolism was
emphasised from early clinical observations. Gerstenberger in 1933
postulated that the liver could play a decisive role in the functioning
of vitamin D, Severe skeletal changes have been observed when liver
function is impaired, which has led Atkinson, Nordin and Sherlock (1956)
to suggest that the destruction of the liver cells may be interfering
with the storage and metabolism of vitamin D. Heymann (1937 a) found
that vitamin D was still present in the liver 8-12 weeks after feeding
vitamin D to rabbits. From studies with C'*~labelled vitamin D,

Kodicek (1960) has also reported that a considerable proportion of an
oral dose is retained in the liver.

During investigations of the action of vitamin D and the role
of the liver, Heymann (1937 c) severely limited the function of the liver
by obstructive biliary cirrhosls and also from feeding carbon tetrachloride,

When vitamin D was fed to rachitic rats receiving this treatment, there
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was a decreased antirachitic potency observed with this substance,
which Heymann concluded was the result of severe hepatic damage.

Whipple and his associates have demonstrated that osteoporosis
in dogsy developed as a result of biliary fistulas, can be prevented by
feeding liver to such animals (Whipple, 1922; Wisner and Whipple, 1922;
Hawkins and Whipple, 1935)., From this evidence he postulated the
existence of an unknown substance elaborated by the liver and absorbed
through the intestinal tract which prevented decalcification of bone.

The present investigations have attempted to show experimentally
the presence of 'an unknown substance' or a more potent active carrier
compound in liver. A liver mince was incubated in the presence of
vitamin D3 in an attempt to synthesise some of this material. Heymann
(1937 a) has previously demonstrated that saponified extracts from
animals treated with vitamin D are active when assayed for their anti-
rachitic potency in rachitic rats.

Extracts of chick liver incubated in the manner described were
not saponified because in all probability, if the active carrier were
of the kind proposed by Raoul (1958), then prolonged contact in an
alkaline medium could readily destroy such material. Further, an
extraction of the liver mince with ether over a period of several hours
should be sufficient to remove any calcium complex. The effect of
vitamin D3 in the test system can be ruled out as previous experiments
have failed to show an effect with this substance within 4 hours. Again
it must be emphasised that the success of the experiment was dependent
upon an immediate effect by the liver extracts. That the extracts faliled

to give a positive response in rachitic chicks would suggest that the
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liver was not the site either for the synthesis of active material or
its ultimate sterage.

Serum was also tested for the presence of material which
could promote a rapid absorption of calcium. Heymann (1937 a) found
that after feeding vitamin D the blood level remained high for several
months after its administration which suggested that there was a con-
siderable storage of the vitamin. Observations by Thomas, Morgan,
Connor, Haddock, Bills and Howard (1959) and more recently by Innes.
Chalk and Kedicek (1960) indicate that vitamin D is attached to serum
proteins duriﬁg its transport.

When serum from vitamin D3-dosed chicks was inserted directly
into duodenal loops of rachitic chicks there was no significant increase
fn calcium absorption observed. Similar studies with a prepared adrenal
extract also failed to increase the uptake of calcium from the intestine.

Although only short-term experiments were carried out in an
attempt to stimulate an immediate improvement in calclum absorption, the
negative results obtained do not necessarily rule out the exisience of
active carrier material.  1In Chapter 3, it was postulated that the delay
observed for vitamin 03 activity was due to the building up of sufficient
concentration of carrier compound at the site of calcium absorption.
However, such a delay may be attributed to {a) the rate of synthesis of
carrier material from vitamin D3 (b) the incorporation of carrier material
into the intestinal cells or (c) as a result of both these processes. If
concept (b) were the prime factor causing the delay, then an immediate
effect may not be evident when carrier material is presented to the

rachitic chick in short-term experiments.
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If calcium were being actively transported across the intestinal
membrane by a specific carrier substance then i1t seemed logical to examine
this tissue for the presence of such material. Short-term perfusion
experiments were carried out to label the carrier with Ca45, and the
tissue was then extracted with ether., Although it was obvious from the
plasma Ca45 levels that vitamin D3-treatment of rachitic chicks was
stimulating a greater absorption of Ca45, there was no increase in radio-
activity with tissue extracts from the vitamin Ds-treated birds, as might
have been expected, if active carrier material were present. The radio-
activity detected in the extract was probably the result of a non-specific
binding of Ca’> with fatty acid material.

Accumulation of Ca45 in mucosal cells has already been demon-
strated from previous in_vitro investigations on calcium transport
(Chapter 2). This finding was confirmed during these present studies,
when twice as much Ca45 was accumulated by the mucosal cells of the
vitamin D3-treated preparation as compared to the amount present in tissue
from the untreated chicks. Enzymic digestion of mucosal cells obtained
from the vitamin Ds—preparation indicated that 50% of the bound Ca45
could be released by digestien of the peptide linkage, Ultrafiltration
of the digestion mixture suggested that a large portion of the released
calcium was either in the form of ionic calclum or attached to a small
molecular weight particle. This conclusion would seem feasible if the
calcium complex were of the type proposed by Raoul (1958).

The existence of a compound extractable from the intestinal
mucosal cells and capable of forming a fat-soluble calcium complex has been

demonstrated by Woolley (1958), Chelation of calecium was found to re-
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quire the presence of serotonin. Garattini, Grossi, Paoletti,
Paoletti and Poggi (1961) claimed that serotonin increased calcium
absorption both in _vive and in_vitro. Their experiments were carried
out on normal animals.

If the formation of a serotonin-receptor-calcium complex were
necessary for the normal intestinal absorption of calcium, then under
rachitic conditions the lack of either component might offer an explanation
for the impaired efficiency of calclum uptake. When extracts of the
intestine were made with an organic solvent, calcium was rendered fat-
soluble. Vitamin D did not influence the amount of crude receptor
compound extracted as similar amounts of fat-soluble calcium complex
were formed with tissue from either rachitic or vitamin D3-treated chicks,
Further the absence of serotonin did not prevent the transfer of Ca45 to
the organic phase. Woolley and Campbell (1960) have also observed a
similar phenomenon and have interpreted these findings as a non-specific
binding of calcium with material present in the crude extracts. They
suggest that 'an impurity such as phosphatidic acid could combine with
Ca45 in the aqueous phase, thus allowing solubilisation of calcium
phosphatidate in the organic solvent”.

Similar studies with everted sacs lp vitro also demonstrated
the ineffectiveness of serotonin to stimulate calcium transport. Whether
the positive response previously seen in rats is peculiar to this species
as, for example, has been shown with amino acids, remains a debatable
point, It must therefore be concluded that the formation of a serotonin-
receptor-calcium complex does not explain the mechanism ofAcalcium trans=

port under the influence of vitamin D3.
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SIBMARY

When cholesterol was treated with Fuller's earth, a steroid
derivative was prepared with an IR absorption spectyum strikingly
similar to the compound previously described by Raoul (1958) as
l:etonezso. However, the UV spectrum indicated the absance of a
peak of maximum absorption at A = 250 mu. Chemical evidence was
also lacking to identify this derivative as ketonezso.

A fat-soluble calcium complex was prepared from a precurser
of katonem. The calcium chelate was not bjologlically active when
tested in the rachitic chick, The UV spectrum of this compound
showed a peak at A = 232 sp.

Bile was active in promoting calcium absorption in the rachitic
chick. The effect obtained appeared independent of the influence of
vitamin Bs as bile from rachitic chicks was equally as effective as
bile from vitamin Ds’-dosed chicks. It is postulated that the effect
is caused by the hydrotropic action of the bile salts.

Extracts of liver mince were tested for their bioclogical potency
in stimulating uptake of calcium from the intestine. The results
indicated that active carrier material was not present in these extracts.

#hen freeze-dried intestinal tissue obtained from vitamin D

5~
dosed chicks was incubated with papaln, 50% of the bound calclum was
released by digestion of the peptide linkages. Ultrafiltration studies
suggested that the majority of the calcium released was lonic calcium
or calcium attached to a .lmv molecular weight particle.

Material was extracted from intestinal mucosal cells which,

in the presence of calcium, formed a fat-soluble calcium complex. The
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activity of the extract was tested by measuring the transfer of

Gad5 from an aqueous to an organic phase. Serotonin did not
influence the transfer process. Extracts of rachitic tissue were
equally as effective as extracts from vitamin Da-u'eated chicks.

It is suggested that the phenomenon observed is the result of a non-
specific binding of calcium with material present in crude intestinal
extracts.

The presence of serotonin in the medium during ip vitre
studies on the movement of calcium across everted intestinal sacs,
did not stimulate calcium transport. The effect of vitamin l'.t3
appeared independent of the formation of a serotonin-receptor-

calcium complex.
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CONCLUS TONS

The work presented in this thesis has been an attempt to
elucidate the mode of action of vitamin D3 in the metabolism of calcium
in the chick. Previous investigations in this field have thrown little
light on this phenomenon as workers were hampered by the lack of suitable
test systems. A number of in vivo and ip vitro methods, which proved
invaluable for further investigations on calcium transport, were deseribed
in Chapter 1. For the first time it has been possible to directly com-
pare results from jp vitro studies with those obtained under more physio-
logical conditions.

Chicks were selected for the experimental studies because of
the conditions under which these birds developed rickets. This disease
is the result of a deficiency of vitamin D and is manifest clinically by
an inadequate calcification of the skeleton together with a number of
biological abnormalities. Rickets was produced in chicks by rearing the
birds in the absence of sunlight on a diet containing normal ratios of
calcium and phosphorus but lacking vitamin D. The diet used was capable
of supporting the optimal growth of the bird. The rickets preduced in
chicks then was the result of a single deficiency. This is in sharp con-
trast to rickets in rats which is normally associated with a number of
variables.

Calcium was found to be poorly absorped from the small intestine
in the vitamin D-deficient chicks. This impaired efficiency offered an
explanation for the decreased calcium content of the tibia observed in the
rachitic bird. However, as reported in Chapter 2, when these birds were
given an oral dose of 100 I.U. vitamin D, (2.5 pg), calcium absorption was

restored to normal within 16 hours and it was therefore concluded that
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vitamin D promoted greater absorption of calcium from the intestine.
This positive response of the rachitic chick to vitamin D3-treatment
provided a basis for the study of the influence of a number of compounds
on calcium transport.

When the small intestine was divided into three equal segments
and everted and the movement of calcium observed in vitro, the greatest
transport of calcium under the influence of vitamin D occurred with the
distal segment. This finding was noted to be in contrast to the results
obtained from similar studies with rats (Harrisen and Harrison, 19603
Schachter et al., 1960 a) and suggested a distinct specles difference.

In vive, calcium was absorbed almost equally as well in the upper or
duodenal portion of the small intestine, although the distal segment
presented a more 'sensitive’ site for observing the vitamin D3 effect,
Under physiological conditions, then, it was concluded that calcium was
effectively absorbed along the entire length of the small intestine.

A rapid rise in plasma Ca45 was demonstrated when 2.5 pg di-
hydrotachysterol series 2 (AT—IOZ) or dihydrotachysterol series 3 (AT-103)
was given to rachitic chicks. Despite the increased deposition of calcium
in the bone, AT-lO2 possessed less than 1 I.U. per mg. of antirachitic
potency. Albright and Reifenstein (1948) have proposed that the influence
of AT-10 is primarily on phosphate metabolism rather than on calcium
absorption. If this hypothesis is correct, then it must be concluded
that although calcium is present at the bone site the ratio of calcium:
phosphorus is detrimental to the conditions required for the continued
formation of calcified bone.

The influence of vitamin D,, vitamin D, , AT-10_, and AT=10, was

2? 3 2 3
also considered in relation to the structure of their side-chain. When
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compared with vitamin D3, on an eéual weight basis, vitamin D2 had
little influence on calcium transport. AT-102 was found to be equally
as active as AT-103, but neither of these compounds increased calcium
absorption to the same extent as an equal quantity of vitamin D3,

Vitamin D, and AT-10, have ldentical side-~chalns attached to the parent

2
molecule, as do the pair AT--IO3 and vitamin D3. It was concluded from
these experimental observations that the constitution of the side-chain
was not of prime importance to the transport of calcium.

Although it was firmly established that treatment with vitamin 03
could restore calcium absorption to normal a definite time interval was
required before the effects of this compound became apparent. Even when
unphysiological amounts of the vitamin were placed near the site of
calcium absorption or were circulating in the blood stream there was no
increase in the uptake of calcium., At least 4 hours were needed before
an effect with 100 I.,U. vitamin D3 could be noted.

From these observations, two possibilities were considered.

Either, vitamin D, was being incorporated into the intestinal cells and

3

the permeabillty of these cells was then altered in some special manner

or vitamin D, was being transformed to another type of compound. Both

these changes would require 2 definite time interval. 1If a new compound

were being formed then the isolation and subsequent feeding of such a

compound to rachitlic chicks should promote an immediate improvement in

calcium absorption and thus eliminate any time lag previously observed

with vitamin D3. These postulates were examined in later chapters.
Vitamin D has been located in the adrenal glands of rats (Kodicek,

1960). In view of the capacity of this organ for steroid synthesis, the
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adrenal gland was considered a likely site for the transformation of
vitamin D and investigations of this hypothesis were presented in Chapter 3.
When the function of the adrenal gland was severely impaired by
the chemical destruction of the cells comprising the interrenal tissue the
influence of vitamin D on calcium metabolism was abolished. The interrenal
tissue in chick adrenals is analagous to the adrenal cortex in the mammalian
gland. This is the first known report of the adrenal being implicated as

a mediator of the vitamin D, effect.

3

Further confirmatory evidence of the major role of the adrenal
was obtained from studies with a number of known adrenal steroids. Cortisol
and ll-deoxycorticosterone, when fed over a period of several days, also
substantially reduced the influence of vitamin D3 on calclum absorptien.

The effects of these steroids could not be explained by their possessing
cortico~ or mineralocorticoid properties but were believed to be due to a
specific effect on the adrenal cells,

When cortisol or ll—=deoxycorticosterone was given for only a
short interval before studying the absorption of calcium in vitamin D3-
treated chicks, there was a surprising increase in the amount of calcium
absorbed from the gut. This observation could also be explained if
these steroids caused a rapid secretion of active carrier ﬁaterial from
the adrenal. It was stressed that the effects of cortisol or ll-deoxy-
corticosterone were oniy apparent in the vitamin D3-treated chicks.

Thus, disruption of adrenal function could explain the peculiarities
observed after treatment with adrenal steroids, together with many other
puzzling ebservations previously reported in the literature.

Because of the structure of chick adrenal glands it was not
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possible to locate any specific zone in which vitamin D3 was transformed
to a more active form. Kodicek (1960) has located vitamin D in the zona
fasciculata of rat adrenals and, in view of this demonstration, it is
tempting to suggest that this region of the mammalian cortex is concerned
in the change of vitamin D. Further investigations with mammalian tissue
are obviously required to confirm this speculation. The evidence from
these adrenal studies supported the conclusion that the delay before an

effect of vitamin D, can be shown on calcium uptake may well be due to the

3
necessity to synthesise active material in the adrenal cells and thus build
up a sufficient concentration of this material in the mucosal cells of the
small intestine.

The mechanism of transport of the calcium ion acress the small
intestine was investigated. The process did not appear to be the result
of a diffusion phenomenon. It was previously noted that the influence
of vitamin D was relatively specific to the movement of calcium. This
evidence, together with the experimental findings discussed in Chapter 4,
discouraged the theory that a time-lag in vitamin D3 action was caused by
a delay in changing the permeability properties of the transporting mem-
brane. Instead a transport mechanism was invoked in which calcium was
moved against a concentration gradient in one direction only, and that
this transport required an energy source. Such evidence was interpreted
to support an active transport mechanism.

From studies with well-known metabolic inhibitors, it was suggested

that the energy source for the transport of calcium in vitro was different

from that used under in vive conditions. The reactions linked to the

glycolytic cycle appeared to supply the major portion of the in vitro energy
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although oxidative phosphorylation was believed to contribute to some

small extent. Energy for the in_vive transport of calcium did not appear
dependent upon glycelysis or oxidative phosphorylation. It was therefore
postulated that alternate pathways might function more efficiently te
maintain an energy supply in vive and that perhaps only a small portion

of the electron transport chain was specifically required in this process,

Vitamin D3 did not influence calclum transport by altering the
level of respiration or glycolysis in the small intestine. The accumalated
evidence suggested that providing there was present an oxidisable substrate
capable of producing energy, and an active carrier compound, then calcium
transport across the mucosal barrier could proceed normally.

Although many investigators have postulated the existence of
carriers to explain the transport of substances and ions across an impermeable
membrane, the actual demonstration of these compounds has been extremely
difficult and in most cases their existence can only be regarded as hypo-
thetical. Robertson (1960) has recently postulated a mechanism for anion
transport which requires the presence of an active carrier. The carrier,
he suggests, should be capable of undergoing reversible oxidation and re-
duction within the lipoidal membrane. The application of this type of
system to calcium transport was discussed in Chapter 4 and a tentative
scheme was put forward to explain the mechanism of calcium transport under
the influence of vitamin D,. This scheme envisaged the presence in the

3

intestine of active calcium carrier material, preformed from vitamin D3
by specific reactions in the adrenal gland. Oxidation and reduction
reactions within the lipoidal membrane permitted calcium to complex with

the carrier and also supplied the energy necessary for calcium transfer
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from the mucosal surface to the serosal side of the membrane where
calcium could be released and made availabie for general metabolism,

Harrison and Harrison (1961) from studies on the influence of
vitamin D on phosphorus and calcium transport, have suggested by analogy
to sugar transport that the transporting mechanism may be located in the
brush border membrane of the small intestine. McDougal, Little and
Crane (1960) have deduced from the histochemical localisation of galactose
in various layers of hamster intestine that the mechanism for sugar trans-
port is located in the epithelial membrane. Similar investigations on
the localisation of calcium carrier complex in specific cell layers of
the chick small intestine could also prove equally rewarding.

Raoul (1958) has drawn attention to the existence of a new anti-
rachitic compound, ketone250, which may be prepared synthetically from a
variety of substances including vitamin D. The properties of ketone250
stimulated considerable interest as Raoul had found that this compound was
capable of forming a fat-soluble complex with calcium which possessed
potent antirachitic properties when tested in the chick, It is believed
that calcium stabilises the enol form of the molecule as the proposed
structure of the compound would readily permit keto-enol tautomerism, If
calcium ions were being complexed by such a carrier compound present in
the intestinal cells, then hypothetically tautomerism of this kind would
also readily allow the complex to release its calcium after transfer
across the membrane.

The attempted preparation and isolation of active carrier
material was described in Chapter 5. Although a fat-soluble calcium

complex could be prepared by treatment of cholesterol with an acid type
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silicious earth, it was not possible to conclude from this demonstration
that the compound prepared was identical to the product obtained by
Raoul et al. (1954). There was no evidence from studies reported in
this thesis to support the conclusion that this compound was biologically
active in promoting calcium transport in the rachitic chick.

Several tissues and fluids were examined for the presence of
active carrier material. Bile was found to stimulate calcium absorption.
However, bile taken from rachitic chicks was equally as effective as that

obtained from chicks receiving vitamin D It was concluded that active

e
carrier material was not causing the stimulation but rather, the effect
could be explained by the hydrotropic action of the bile salts. There
was no immediate improvement of calcium absorption when serum, or extracts
of liver from vitamin Dg-treated chicks were tested in the rachitic chick.,
There was a similar lack of response after administering an extract pre-
pared from adrenal glands of vitamin D3-treated chicks.

Conclusions from studies reported in Chapter 3 indicated that
the adrenal was the site for the transformation of vitamin DS' In the
light of the present findings it seemed doubtful that the adrenal was
also a store for active material. A homeostatic mechanism may be in-
volved in which vitamin D, stored in the liver, is released in response
to increased demands for the carrier from the site of active calcium
absorption. As the active carrier is prepared in the adrenal, this
material might be rapidly secreted to the small intestine and briefly
stored or used immedlately. This type of mechanism would minimise the
risk of destroying the activity of the carrier material e.g. by prolonged

storage. In view of the extremely small quantities (0.1 pg.) of
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vitamin D, which can influence calcium absorption, it is obvious that the

3
isolation of active material must be extremely difficult.

An attempt was made to label the proposed calcium-carrier complex
with radioactive calcium and thus permit ready identification of the com-
pound during extraction from the small intestine. Accumulation of calcium
within the mucosal cells was observed and vitamin D3 was found to influence
the amount of calclum accumulated. Extraction of this tissue with ether
did not remove calcium carrier material.

Woolley (1958) has postulated that calcium may be moved through
a lipoidal membrane by combination with a serotenin-receptor compound. A
substance was extiacted from the intestine which in the absence of any
cells or cell particles, was capable of chelating calcium, The complex
so formed permitted transport of calcium from an aqueous to an organic
phases Transport of calcium in this system could be observed in the absence
of serotonin. Vitamin D3 did not influence the amount of chelating sub-
stance present in the intestine. The proposal put forward bv Woolley and
Campbell (1960) that there may be a non-specific binding of calclum with
fatty acid (e.g. phosphatidic acid) present in the intestine, could explain
the movement of calcium observed under these conditions. When calcium
transport was studied with in vitro everted gut sacs, from rachitic and
vitamin D3-treated chicks, serotonin did not improve the accumulation of
calcium In the serosal fluid. It has therefore been concluded, that the
formation of a serotonin-receptor-calcium complex, does not explain the

mechanism of calcium abserption under the influence of vitamin 03.
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