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Introduction
Zinc is widely distributed in biological tissues and much evidence has
been presented on the need for zinc for normal growth, development,
and function in man and animals. High concentrations of zinc have been
found in skeletal tissues. Attention has been devoted to zinc metabolism
in long bones as femur and tibia, most often without distinction being
made between epiphysis and diaphysis. In a few qualitative studies has
interest been focused on the endochondral growth regions in the long
bones. The mandibular condyle, which houses the most active growth
center in the mandible, has not been dealt with at all. It was considered
to be of interest to compare the mandibular condyle to some other
skeletal regions with regard to the distribution and concentration of
zinc and the effect of experimental zinc deficient feeding. For practical
reasons the studies had to be carried out on small laboratory animals.
Most previous studies of zinc metabolism have been carried out on rats
and mice. In order to provide possibilities for general comparisons with
these previous experiments, the white rat and mouse were chosen as
experimental animals in the present studies.
MORPHOLOGY AND GROWTH OF THE
MANDIBULAR CONDYLE
The mandibular condyle houses the most active growth center of the mandible
(Sicher 1947, Brodie 1951, Cunat et al. 1956, Björk 1963, Öberg 1964).
In the formation of the ramus of the mandible, there is an osseous replacement
of a preexisting cartilage model. The process in the mandibular condyle differs
from that observed in the growth of long bones, where the original ossification
takes place in the center of the cartilage model and gradually encroaches upon
the epiphysis. A secondary center of ossification appears in the epiphysis so that
finally only a plate of cartilage, the epiphyseal plate, is left between epiphysis and
diaphysis. This cartilage is later replaced by osseous tissue, preventing further
increase in length of the bone. In the mandibular condyle, no secondary center
of ossification appears. The condylar cartilage is gradually replaced by osseous
tissue until only that at the articular end of the bone is left.
Several studies dealing with the morphology and growth of the mandibular
joint in small laboratory animals have been presented. The most detailed and
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comprehensive work has been published by Öberg (1964), who studied the
morphology, growth and matrix formation in the mandibular joint of the guinea
pig from newborn to 5 years old. The growth of the mandibular joint in mice
from birth to 540 days was described by Levy (1948). Frommer (1964) studied
the prenatal development of the joint in mice at insemination ages from 15 to 20
days.
The first attempt to present a detailed description of the anatomy, histology,
and physiology of the mandibular joint in the rat was done by Cabrini and
Erausquin (1941), who concentrated their attention on 5 and 6 months old rats.
The growth and transformation of the mandibular joint in the rat from 5 to 465
days of age was described by Collins et al. (1946 a). Bhaskar (1953) studied the
growth pattern of the rat mandible from 13 days insemination age to 30 days
after birth. Bhaskar et al. (1953) investigated the role of Meckel’s cartilage in
the development and growth of the rat mandible. Cunat et al. (1956) studied
the developmental changes in the mandibular joint of the rat from 16 days
insemination age to 30 days after birth. They reported that the caput mandibulae
or the mandibular condyle articulates with fossa mandibularis in os squamosum
and os zygomaticum with the articular disc interpositioned between the fossa and
the condyle. The articular capsule is partly lacking medially and anterio-laterally.
The order, time, and rate of the prenatal development of the facial bones was
described by Wright et al. (1958). Bernick (1962) presented a systematic study
of the terminal vascular and nerve pathways to the joint.
The principal features of the morphology and growth of the mandibular condyle
in the rat up to 30 days age as described by Cunat et al. (1956) will be given
here.
At first the condyle consists almost entirely of cartilage. At 17 days insemina
tion age, the condylar cartilage is enclosed, except for its most posterior end, in
the body and ramus of the mandible. With advancing age the condylar cartilage
is gradually replaced as bone is formed. The replacement of the condylar cartilage
by bone begins at 19 days insemination age. At 20 days insemination age, the
condyle is clubshaped and its medial and lateral bony surfaces are approximately
parallel to each other. Apposition of bone occurs on both surfaces until the
fifteenth day after birth. Between 15 and 19 days after birth, remodelling resorp
tion begins on the medial and lateral walls and becomes quite marked at 23 days
after birth. At 30 days the mandibular condyle consists of a narrow bony neck
which is surmounted by a cartilaginous cap. From 17 days insemination age to 4
days after birth the main direction of growth of the condylar cartilage is backward.
At 4 days the condylar cartilage starts to grow upwards. This upward component
of condylar growth increases with age and leads to a downward shift of the
mandible. One area of appositional growth of the condylar cartilage is on its
superolateral surface. This site of growth in the right and left condylar cartilages
leads to a progressive increase in the distance between the cartilages. Since the
formation of bone follows the cartilaginous growth, this pattern of condylar growth
serves to widen the posterior ends of the mandible and thus keep pace with the
widening cranial base.
Collins et al. (1946 a) mentioned that by 45 days of age chondrogenesis and
osteogenesis were definitely slowed. In 465 days old rats they found very thin
covering of cartilage in the condyle. This cartilage does not actually form the
articular surface of the condyle as it is separated from the fossa by a connective
tissue lining.
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In 4—14 weeks old guinea pigs Öberg (1964) distinguished between the fol
lowing soft tissue layers in the mandibular condyle of the guinea pig: connective
tissue lining, undifferentiated mesenchyme, transitional layer and cartilage. He
observed two zones in the cartilage: zone of hypertrophy and zone of calcification.
Any zone of proliferation, such as is found in epiphyseal plates of long bones was
not present in the mandibular condyle. Experiments with tritiated thymidine in
rats (Blackwood 1961, 1966, Dale et al. 1963, Folke and Stallard 1967) and in
guinea pigs (Öberg et al. 1967) have shown that the undifferentiated mesenchyme
(= embryonic zone, Dale et al. 1963, Folke and Stallard 1967 ; = intermediate
zone, Blackwood 1961, 1966) has taken over the role of cellular proliferation in
the mandibular condyle. This zone is the only important growth layer in the
mandibular condyle and the main progenitor of chondrocytes with frequent
mitoses.

VARIOUS EXPERIMENTAL FACTORS SUPPOSED
TO INFLUENCE ON THE GROWTH OF THE
MANDIBULAR CONDYLE
As the endochondral growth apparatus of the mandibular condyle
differs structurally from that of the long bones, it has been thought to
react differently to experimental stimuli or disease (Becks et al. 1946,
Baume et al. 1953, Weinmann and Sicher 1955). For that reason
experimental results obtained regarding epiphyseal plates cannot, a
priori, be assumed to be valid for the mandibular condyle (Öberg 1964).
Various factors supposed to influence the morphology and growth of
the mandibular condyle have been studied.
Reports have been delivered on the effect on the mandibular condyle
in mice of e.g. panthothenic acid deficiency (Levy 1949 a), riboflavin
deficiency (Levy 1949 b), vitamin E deficiency (Menschik and Berkenbilt 1960), and dietary deficiency of fats (Menschik 1964). In the guinea
pig, the effects on the mandibular condyle of vitamin G deficiency
(Levy and Gorlin 1955) and vitamin C deficiency versus starvation
(Johnson et al. 1959) have been studied.
Disturbances have been observed in the rat mandibular condyle as
a consequence of experiments of nutritional, hormonal, or functional
nature. A few studies have included a combination of two experimental
factors. The nutritional experiments have been concerned with rachitogenic diet (Weinmann 1946), beryllium rickets (Gorlin 1951) pantho
thenic acid deficiency (Frandsen et al. 1953), tryptophane deficiency
(Bavetta et al. 1954), lysine deficiency (Bavetta and Bernick 1955).
Hormonal influences have been studied by Collins et al. (1946 b), Becks
et al. (1946, 1948), Baume et al. (1953), Ratcliff (1965) and functional
factors by Horowitz and Shapiro (1951), Watt and Williams (1951),
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Avant et al. (1952), Hayes (1961) and Cimasoni and Becks (1963).
Ratcliff (1963, 1965) studied the effects of stress and AGTH and Furstman (1965) the effects of hydrocortison and fluorine.

SOME GENERAL ASPECTS OF ZINC METABOLISM
The presence of zinc in living organisms and its role as an essential micro
element has been recognized for at least 100 years ever since Raulin
(1869) showed zinc to be necessary for the growth of Aspergillus niger.
However, conclusive evidence that zinc is essential to normal growth and
development of animals was not presented until Bertrand and Bhattacherjee (1934) and Todd et al. (1934) published their results on
mice and rats respectively. Since then, a nutritional zinc deficiency has
been demonstrated in human and various animals. In 1940, Keilin and
Mann showed that carbonic anhydrase contains 0.33 per cent zinc as
part of its molecule and zinc was demonstrated to be essential to the
activity of this enzyme. Since then, the biochemical function of zinc as
an integral part of several metalloenzymes and as a cofactor for others
has been established.
Zinc is widely distributed in a variety of foods and is primarily
associated with protein foods. The normal human daily intake of zinc
has been reported to be 10—15 mg (McCance and Widdowson 1942).
The calculated daily human requirement has been estimated to 1—2 mg.
In general, the zinc content of foods appears to be somewhat less than
one-half that of iron and shows a parallel distribution to iron (Orten
1966).
Several factors may influence on a normal absorption, distribution,
and excretion of dietary zinc. Such factors are the protein source,
calcium, phosphorous, cadmium, copper, iron, molybdenum, chelating
agents, lactose, and vitamin D3. Two of the factors involved in the
availability of dietary zinc for animals and human—the protein source
and the dietary calcium—will be considered.
Different protein sources vary in their ability to supply zinc for
nutritional needs. Proteins from soybeans, sesame seeds, and cottonseeds
appear to contain zinc in a form which makes it less available to
animals. Soybean protein has been studied most extensively in this
respect in experiments on swine (Oberleas et al. 1962), chickens (Mor
rison and Sarett 1958, O’Dell et al. 1961, Zeigler et al. 1961), and rats
(Forbes and Yohe 1960, Forbes 1964, Likuski and Forbes 1965). The
results indicated that the presence of phytic acid in soybean protein
decreased zinc availability. Protein such as casein and egg white contain
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no phytic acid, and all of the zinc present in these proteins seems to be
available. Nielsen et al. (1966) compared isolated soybean protein,
casein hydrolysate, and dried egg white as amino acid sources in chicken
diets and concluded that soybean protein appears to contain a com
plicating factor other than phytic acid which affects zinc metabolism
especially in bone. Prasad (1966) suggested that the high phytate
content in the cereal protein may be a major factor in production of
observed zinc deficiency in man.
Several studies have revealed an antagonism between calcium and
zinc. Zinc deficiency has been shown to be aggravated by high levels
of dietary calcium in pigs (Stevenson and Earle 1956), dogs (Robertson
and Burns 1963) and rats (Forbes and Yohe 1960). A combined influ
ence of calcium and soybean protein on zinc absorption has been shown
in chickens (O’Dell et al. 1961) and rats (Forbes 1964, Likuski and
Forbes 1965). Dietary calcium was shown to decrease zinc absorption
from diets containing phytic acid, but did not significantly lower the
amount of zinc absorbed from diets without phytic acid. Spencer et al.
(1965) were not able to demonstrate a calcium-zinc antagonism,
postulated in animal experiments, in humans when the intake of calcium
was increased six- to tenfold. They give two possible explanations: the
amounts of calcium ingested by animals relative to the total body
weight was very much higher than the levels of calcium ingested in
their human studies, and the phytic acid content in the human diet
was low.
Some studies in rats (Feaster et al. 1955, Rubini et al. 1961) and man
(McCance and Widdowson 1942) indicate that only 5 to 10 per cent of
dietary zinc is absorbed from the intestine at a normal intake level.
However, higher values of intestinal zinc absorption have been reported
by Hoekstra (1964) in rats (40 %) and Spencer et al. (1966) in man
(50 %). The site of absorption of zinc from the intestine and the
mechanism have not yet been explained. According to Cofzias et al.
(1962) and Cotzias and Papavasiliou (1964), zinc metabolism is con
trolled by at least two homeostatic mechanisms, which act at the site of
absorption and excretion respectively.
Human whole blood contains approximately 880 jug zinc/100 ml
(Vallee 1959) ; of this amount, about 12 % is in the serum or plasma,
85 % in the erythrocytes, and 3 % in the leucocytes. In normal serum
the relation between firmly and loosely bound zinc is approximately
1:2 (Vikbladh 1951). The loosely bound zinc is distributed among
albumins and globulins of rat plasma (Okunewick et al. 1963) and
human plasma (Vikbladh 1951). No specific plasma protein has yet
been identified as a transport protein for zinc. Dennes et al. (1962)
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reported that plasma protein-bound zinc was readily exchangeable with
the pool of body. In erythrocytes, zinc is present mainly in carbonic
anhydrase (Keilin and Mann 1940, Hove et al. 1940, Vallee et al.
1949). Leucocytes contain twenty-five times as much zinc per cell as
do erythrocytes (Vallee and Gibson 1948), and this zinc seems primarily
to be associated with granules of polymorphonuclear and eosinophil cells
(Mager et al 1953, Wolff 1956, Pihl et al 1967).
The tissue turnover o£ zinc has been studied by means of radioactive
zinc using preferably scintillation technique. The most rapid uptake and
loss of radiozinc has been found in pancreas, spleen, liver and kidney.
The turnover in gastrointestinal tract, adrenals, lungs, brain and heart
is intermediate. In skeleton, teeth, and hair zinc is deposited slowly and
is bound for relatively long periods of time (Sheline et al. 1943 a,
Feaster et al. 1955, Wakeley et al 1960, Rubini et al 1961, Ballou
and Thompson 1961, Molina et al 1961, Czerniak et al 1962, Stand
et al. 1962, Robertson and Burns 1963, Ribas et al 1963 a, Strain et al
1964, Spencer et al 1965, and Johnston et al 1966). Studies on the
distribution of 65Zn by means of autoradiography has dealt with sepa
rate organs or tissues or parts thereof (e.g. Wetterdal 1958, Millar et al
1961, Kinnamon 1963, Haumont 1963) .
Zinc is normally mainly excreted by the feces, primarily via the
pancreatic secretions (Sheline et al 1943 b, Montgomery et al 1943,
Birnstingl et al 1956, Wakeley et al 1960, Molina et al 1961, Cotzias
et al 1962, Robertson and Burns 1963, and Andrasi and Fehér 1967).
Little is normally excreted by way of the bile or the urine. In man,
normal adults excreted almost the same amount of zinc in their stools
as they ingested in their food (McCance and Widdowson 1942). Newton
and Holmes (1966) reported that in a case of accidental inhalation of
65Zn in man, about 20 per cent of the total daily excretion of 65Zn was
urinary. Stand et al (1962) found that ionic zinc was mainly excreted
by feces, whereas chelated zinc was mainly excreted by the urine.
A prenatal transfer of zinc has been demonstrated in mice and rats
(Feaster et al 1955, Kinnamon 1963, Gunn et al 1963). In these studies
the early placental transfer of zinc was not followed.
From the above it is evident that most studies on the general distribu
tion of zinc in mammalian body have been carried out using quantitative
determinations, preferably scintillation technique. Only a few auto
radiographic studies have been presented and have been concerned
with separate organs and tissues. In order to get a more complete picture
of zinc metabolism it was considered to be of interest to study the general
distribution of zinc in pregnant and non-pregnant mice using a wholebody autoradiographic technique. By using short survival periods, the
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early placental transfer of zinc may be followed and the distribution of
zinc in various maternal and fetal organs and tissues studied simulta
neously on the same autoradiogram.

DISTRIBUTION OF ZINC IN MAMMALIAN
BONE TISSUE
In order to obtain information on the distribution of zinc in bone tissues,
various methods have been utilized. Most of the studies are concerned
with quantitative determinations using radioactive zinc and preferably
gamma scintillation measurements. In some papers, the specific localiza
tion of zinc has been studied qualitatively using either histochemical or,
after administration of radioactive zinc, autoradiographical methods.
Quantitative determinations
Sheline et al. (1943 a) seem to be the first to have used radioactive zinc
for distribution studies in the mammalian body. They found that the
whole rat tibia and the whole dog femur increased their contents of
injected 65Zn throughout a seven day experimental period.
Most studies have been carried out on femur or tibia. Taylor (1961)
also examined humerus and pelvis. Generally, the authors have studied
whole bone specimens except for Strain et al. (1964), who differed
between femur end and shaft.
It has been observed that the uptake of radiozinc in the skeleton is
generally slow (Muller 1947, Feaster et al. 1955, Wakeley et al. 1960,
Rubini et al. 1961, Molina et al. 1961, Czerniak et al. 1962, Stand et al.
1962, Ribas et al. 1963 a, Strain et al. 1964, Brahmanandam et al. 1965,
Kinnamon and Bunce 1965), and long term studies have shown that
administered radiozinc is retained in bone tissue for long periods of time
(Gilbert and Taylor 1956, Ballou and Thompson 1961, Taylor 1961,
Richmond et al. 1962).
In the experiments reported femur and/or tibia have been analysed
almost exclusively. Besides femur, Taylor (1961) also reported some
results on humerus and pelvis. Differing between femur end and shaft,
Strain et al. (1964) seem to be the only authors dealing with different
parts of the bone samples.
Qualitative determinations
Using the histochemical dithizone method, Mangione and Castellani
(1956) found zinc in the calcified cartilage of the epiphyseal plate of
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the young rabbit and chick. In a similar study on rats and dogs, Haumont (1961) found high concentrations of zinc at the sites of calcifica
tion.
Haumont and Vincent (1961) and Kinnamon (1963) found the
highest concentration of radiozinc in bone in calcifying areas in monkey
and rat respectively. Haumont (1963) reported that the most intense
radioactivity was found primarily at the level of the calcification front
in compact bone as well as in endochondral growth regions in monkeys,
dogs and rats. 65Zn was not detected in the bone tissue that was already
calcified at the time of injection. The autoradiograms showed good
agreement with histochemical localization of zinc. Jowsey and Orvis
(1967), found, in contrast to Haumont (1963), a low, diffuse uptake of
radiozinc also in calcified bone of dogs and monkeys. Pentel and Tonna
(1966) observed discrete and consistent concentrations of radiozinc in
the mineralizing matrices of bone and in the dentin of the developing
incisors of newborn mice.
Studies on the specific localization of zinc in hone tissue have thus
revealed high concentrations of zinc in mineralizing areas in compact
hone as well as in endochondral growth regions. Jowsey and Orvis
(1967) observed an uptake of radiozinc in hone calcified at the time of
infection, although this uptake was low and diffuse. The only endo
chondral growth regions studied are those of the long hones (Mangione
and Castellani 1956, Haumont 1961, 1963).

CONCENTRATION OF ZINC IN RAT BONE TISSUE
Most organs and tissues seem to contain zinc. The highest concentrations
appear in the choroid, iris and retina of the eye, the male genital tract,
the skeleton and teeth (Lutz 1926, Eggleton 1940, Tipton 1959, Tipton
and Cook 1963). The zinc contents of human tissues analysed have
shown parallel variations with those noted for animal tissues ( Perry et al.
1962).
Comparisons of different studies concerning the concentration of zinc
in bone tissue are complicated for many reasons. The materials and
methods vary and the results are expressed in different ways, e.g. based
on wet weight, dry weight, or ash weight. Furthermore, the age is an
important variable for the zinc concentration in skeletal samples. Pub
lished studies are mostly concerned with the long bones, Taylor (1961)
also reported some results for pelvis and ribs. Except for the study by
Alexander and Nusbaum (1962), the whole bone seems to have been
taken for analysis.
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For fresh bone obtained from rats raised under normal dietary condi
tions, the values reported have varied between 77 and 233 ppm (Lutz
1926, Mawson and Fischer 1951, Millar et al. 1958, Taylor 1961,
Macapinlac et al. 1966), and for ashed rat bone between 237 and 424
ppm (Day and McCollum 1940, Forbes 1961, Alexander and Nusbaum
1962, Swenerton and Hurley 1968).
Several authors have reported that bone zinc concentrations were
reduced in rats placed on a zinc deficient diet (Hove et al. 1938, Day
and McCollum 1940, Millar et al. 1958, Forbes 1961, Macapinlac et al.
1966, Prasad et al. 1967, Swenerton and Hurley 1968).
Previous studies on the concentration of zinc in hone tissue from rats
raised both under normal and deficient dietary zinc conditions have
mostly been concerned with the long bones. Except for the study by
Alexander and Nusbaum (1962), the whole bone seems to have been
taken for analysis without distinction being made between different parts
of the bone specimen.

NUTRITIONAL ZINC DEFICIENCY WITH SPECIAL
REFERENCE TO GROWTH AND SKELETAL TISSUES
Nutritional zinc deficiency in human subjects was first demonstrated
by Prasad et al. (1963) in male patients from Egypt including inter alia
a marked retardation of height, weight, and bone growth.
An insight into the biological significance of any element can be
obtained e.g. when animals are fed rations which contain very little or
nothing of the element in question. Several experimental dietary zinc
deficiency studies have been carried out in rats and mice. An experi
mental dietary deficiency of zinc has also been demonstrated in Chinese
hamster (Boquist and Lernmark 1969), chicken (Morrison and Sarett
1958, O’Dell et al. 1958, Morrison et al. 1960), hens (Kienholz et al.
1961, Zeigler et al. 1962), Japanese quail (Fox and Harrison 1963),
swine (Luecke et al. 1956), dogs (Robertson and Burns 1963), young
lamb (Ott et al. 1964, Pierson 1966), and calves (Miller and Miller
1962). Early studies on mice and rats were carried out by Bertrand and
Benson (1922), McHargue (1926), Hubbel and Mendel (1927), and
Newell and McCollum (1933). In 1934, conclusive evidence was pres
ented by Bertrand and Bhattacherjee (mice) and Todd et al. (rats)
that zinc is essential to normal growth and development of animals.
The zinc deficient animals showed a markedly reduced growth rate and
a loss of hair. Further evidence on the necessity of zinc for a normal
growth of rats and mice was presented by e.g. Stirn et al. 1935,
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Hove et al. (1937, 1938), Day and McCollum (1940), Follis et al.
(1941), Day and Skidmore (1947), Nishimura (1953), Elcoate et al.
(1955), Millar et al. (1958), Forbes (1961), Macapinlac et al. (1966),
and Prasad et al. (1967). Morphologic changes in the skeleton have
been studied by Follis et al. (1941) and Macapinlac et al. (1966),
both studies showing a narrowing of the epiphyseal plate of long bone.
Hurley and Swenerton (1966) reported congenital malformations
resulting from zinc deficiency in pregnant rats. Almost all of the fullterm fetuses showed gross congenital malformations including malforma
tions in the skeleton. Cleft palate was found in 43 % and short or missing
mandible in 28 %.
Consequently many experimental zinc deficiency studies on rats and
mice have been published. The influence on the skeleton has been con
sidered in some of these studies. However, the literature contains only
scanty informations on the changes in the morphological appearance of
the skeletal tissues of rats and mice caused by zinc deficiency. Morpho
logic descriptions are given only by Follis et al. (1941 ) and Macapinlac
et al. (1966). These are concerned with the epiphyseal plates and are
short and not particulary detailed. The influence of dietary zinc defi
ciency on the zinc concentration in bone tissue has been dealt with in
the section ceConcentration of zinc in rat bone tissue

SUMMING-UP
Various aspects of zinc metabolism in relation to skeletal tissues in rats
are not completely known. Attention has been devoted to the concentra
tion and turnover of zinc in long bones, most often without distinction
being made between different parts of the bone specimen. Only in a
few qualitative studies has interest been focused on the endochondral
growth regions in the long bones. Limited information is available on
the changes in morphologic appearance and zinc concentration of
skeletal tissues in rats caused by zinc deficiency. The mandibular con
dyle—the most active growth center of the mandible—has not been dealt
with at all.
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The aims of the present study
The studies were undertaken with the object of examining:
1. The general distribution and prenatal transfer of 65Zn in mice.
2. The uptake of 65Zn in the mandibular condyle and some other tissues
in young and adult rats.
3. The concentration of zinc in some hard and soft tissues of rats in
normal and deficient dietary zinc conditions.
4. The distribution of 65Zn in the endochondral growth site of the
mandibular condyle as compared to that in the proximal end of the
tibia in young rats.
5. The early effects of zinc deficiency on the morphology, collagen
matrix formation, and longitudinal growth in some endochondral
growth sites of rats.

Material and methods
Experimental animals
The studies were carried out on albino mice of the N.M.R.I. strain and
albino rats of the Sprague-Dawley strain. Adult mice, females and males,
weighing about 20 g and pregnant females weighing about 45 g, were
used in the whole-body autoradiographic study (I). The pregnant
females were injected 1—2 days before expected parturition. In the
remaining studies albino rats of the following ages were used: 5—7 days
old (IV), 3 and 24 weeks old females (II and III), and 3 weeks old
females (V and VI).
Conventional feeding
The mice and the rats in the studies I, II, III and IV had free access to
tap water and a conventional pellet diet and were housed in acrylic
cages with stainless steel covers.
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Zinc deficient feeding
Some effects of experimental zinc deficiency were studied on rats (V
and VI).
The experimental diet, described by Day and McCollum (1940) and
modified by Millar et al. (1958), was used with minor changes. Neutron
activation analysis was used to control the zinc level in the diet used.
The diet prepared did not exceed a zinc concentration of 1.3 ppm.
Water used for drinking purposes as well as for the cleaning of cages
and various utensils for preparation, storage, and feeding was purified
according to Söremark and Johansson (1963). During the experimental
periods, samples of water were continuously taken for zinc determinations
by neutron activation analysis. The highest value recorded was 3.5 X 10“4
ppm zinc.
All the rats received a supplement of minerals. This mineral supple
ment did not contain any detectable amounts of zinc when subjected
to activation analysis.
The control animals also received a daily oral supplement of zinc.
ZnS04 • H20, p.a. was dissolved in purified water to a concentration cor
responding to 1.0 mg Zn/ml purified water.
In order to reduce the possibility of environmental zinc contamination,
cages and feed containers of acrylic resin were used. Drinking water
bottles were of polyethylene, and provided with tubes of quartz glass.
The cages had perforated lids. To reduce coprophagy a perforated plate
was inserted 70 mm above the bottom.
In study V, two 21-day feeding experiments were carried out. In the
first series twenty-four rats were used, four from each of six litters.
They were 21 days old when placed on the experimental diet, two rats
from each litter were included in the experimental group, the other two
served as controls. The zinc deficient diet and the purified water were
given ad libitum. All animals were given 0.1 ml of the mineral supple
ment solution twice weekly by oral administration from a pipette. In
addition, each control rat was given 200 jug zinc daily in the same
manner. Four animals were housed in each cage. In the second series
of study V sixteen rats were used, four from each of four litters. The
experimental design was the same as in the first series except that the
controls were paired-fed. The amount of food offered to the four rats
in a control cage was equal to the amount consumed during the preced
ing 24-hour period by the corresponding four experimental animals.
In study VI, the experimental period was 18 days. Twenty 21-day-old
rats were used, four rats from each of five litters. Each animal was
assigned to a group consisting of 5 rats, one from each of the five litters.
Four groups were thus formed :
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Group A : experimental rats, which were given a zinc deficient diet ad
libitum plus a mineral supplement;
Group B : paired-fed controls, which were given a zinc deficient diet
plus mineral and zinc supplements;
Group C : paired weight-fed controls, which were given a zinc deficient
diet plus mineral and zinc supplements;
Group D: controls, which were given a conventional pellet diet (73 ppm
Zn) ad libitum.
The five animals in each group were housed in a single cage. For the
paired-weight fed control rats the food intake was restricted so that
their weight gain would be the same as that for the experimental rats.
In other respects, the experimental design for experimental rats and the
two restricted-fed control groups was the same as in study V.
Radioisotopes
The distribution of zinc in mice and rats was studied by means of
autoradiography (I and IV) and gamma scintillation measurements
(II and IV). The radioactive zinc, 65Zn, was used in form of a 65ZnCl2
solution. Injection solutions were prepared by diluting the stock solution
with physiologic saline. The radiozinc was administered to the animals
as a single intraperitoneal injection.
The effect of zinc deficiency on endochondral growth sites in rats was
studied with regard to collagen matrix formation and longitudinal
growth (V). Tritiated proline was injected intraperitoneally to the rats
in a single dose.

Scintillation measurements
The distribution of 65Zn in rats was studied at various times after
administration of the radioactive solution (II and IV). After predeter
mined survival periods, the rats were sacrificed and the various tissues to
be studied were then rapidly sampled. Attempts were made to collect
only the compact bone of the tibia diaphysis. The wet weight of the
specimen was recorded.
Quantitative determinations of the radiozinc present in various tissues
were performed by scintillation measurements under standardized condi
tions. The counts min-1 g_1 sample were calculated after subtraction
of the background counting rate. The uptake of 65Zn in a tissue was
expressed as the concentration, which is defined as the counts min-1 g-1
tissue divided by the counts min-1 injected per gram body weight.
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Neutron activation analysis
The concentration of zinc in some hard and soft tissues of rats was
determined (III and IV).
The specimens were collected in polyethylene tubes immediately
after sacrifice of the rats. When sampling tibia diaphysis, attempts were
made to collect only the compact bone. After wet weight recording, the
specimens were dried for about 24 hours at 70—80° C. A standard
amount of zinc was inserted into a separate polyethylene tube and placed
in the same aluminum can as specimens. The standard and specimens in
the aluminium can were irradiated by thermal neutrons for 5 and 12
days (III) and 7.5 days (VI) in a flux of approximately 1.4X 1012 cm-2
sec-1 (III) and 3.17X 1012 cm"2 sec"1 (VI).
When the period of irradiation was completed, standards and tissue
samples were subjected to radiochemical separation using a method
modified after Samsahl et al. (1963). The analysis was performed in a
3" X 3" well type Nal (Tl) scintillation detector connected to a transis
torized 512-channel gamma-spectrometer. Quantitative data of the tissue
samples were obtained by comparing the gamma intensity of the sample
with that of the standard (Marinelli et al. 1962).
Morphology
Morphological observations were done on the effect of zinc deficiency
on endochondral growth sites in the proximal epiphysis of the humerus,
the growth zone of the rib, and the mandibular condyle of rats (V).
Conventional histological techniques were performed as follows. The
specimens were fixed in 5 per cent formaldehyde buffered to pH 7.4
with sodium barbiturate, decalcified in 0.5 M ethylene diaminetetraacetate (Na2H2-EDTA) at pH 8.0 and embedded in paraffin. Sections
near the center of the tissue blocks were cut at 5 microns, sagittally from
the mandibular condyle and longitudinally from the humerus and rib.
The sections were mounted on glass plates and stained with hematoxylin
and eosin, toluidine blue, van Gieson’s connective tissue stain, or with
periodic acid-Schiff. The thickness of the proximal epiphyseal plates of
the humeri was determined on stained sections with a measuring eye
piece.
Qualitative microradiography with ultra soft roentgen rays was per
formed using the techniques outlined by Greulich and Engström (1956)
and Engström et al. (1957). Paraffin sections were mounted on celloidincoated Eastman Kodak High Resolution Plates ( 1" X 3"). Exposures
were made at 1.2 kV using an improved version of an automatic instru
ment described by Friberg and Burke (1963).
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Autoradiography
The general distribution of 65Zn in adult pregnant and nonpregnant
mice was studied autoradiographically ad modum Ullberg (1954) (I).
After predetermined survival periods the animals were killed by immer
sion in a solution of solid carbon dioxide in acetone (about —80° C).
Sagittal sections, 20 microns thick, were taken with a sledge microtome
through the entire animals at various levels. Structurix roentgen ray film
was used, and the exposure time varied between 1 and 2 weeks.
In study IV, the localization of 65Zn was observed in the endochondral
growth sites of the mandibular condyle and the proximal end of the
tibia in young rats. After sacrifice, the mandibular condyles and the
knee joints of the hind legs were rapidly excised and frozen in a mixture
of hexane and solid C02 (about —80° C). Autoradiography was per
formed according to the method worked out by Ullberg (1954) and
modified by Hammarström et al. (1965). Ten-micron sagittal sections of
the mandibular condyle and ten-micron longitudinal sections of the
knee-joint were taken using a sledge microtome. The sections were
mounted on adhesive tape, freeze-dried, and then permanently affixed
to Ilford G5 Nuclear Emulsion plates. The exposure times varied be
tween 7 to 52 days. After development and fixation of the emulsion, the
sections were stained with toluidine blue, with Hansen’s trioxyhaemateinpicrofuchsin, or with hematoxylin-eosin.
In study V the influence of zinc deficiency on the collagen matrix
formation and longitudinal growth was assessed by autoradiography with
tritiated proline. The sections were processed in the same way as
described in the morphological part (see above). The sections for auto
radiography were deparaffinized and dipped in a 0.5 per cent solution
of celloidin in ethanol-ether. Coated autoradiograms were prepared fol
lowing the procedures of Messier and Leblond (1957). Ilford G5
Nuclear Emulsion was used, diluted with one part of water. Exposure
ranged from 47 to 175 days. After developing in Kodak D 19 b, some
sections were stained lightly with toluidine blue. Longitudinal growth
was determined on autoradiograms from 3- and 6-day specimens.

Statistical analysis
Intra- and interindividual differences were tested by means of Student’s
t-test. The essential assumptions for the t-test concerning normal distri
bution and agreement between the variances of the groups (in interindividual comparisons) did not cause any problem in studies II, III
2 — Bergman
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Fig. 1. Autoradiogram showing distribution of 65Zn in a mouse 8 minutes after an
intraperitoneal injection. White areas correspond to high uptake of 65Zn. X 1.4.

and IV. However, in studies V and VI the analysis was somewhat
modified due to the low number of independent observations.
The following levels of significane were used:
p< 0.001
0.001 < p < 0.01
0.01 < p < 0.05
0.05 < p

highly significant,
significant,
almost significant,
not significant.

Observations and results
1. The general distribution and prenatal transfer of 65Zn in mice (I)
The gross distribution of 65Zn in various organs and tissues was studied
simultaneously on the same autoradiogram using whole-body autoradio
graphy.
In most organs and tissues, 65Zn was found to be accumulated very
soon after the intraperitoneal injection. However, the uptake in the hard
tissues, the central nervous system, and in the fetuses was relatively
slow. The most rapid uptake was observed in the blood, lungs, cortex of
the kidneys, liver, pancreas, spleen, gastric and intestinal mucosa, heart,
and in the choroid and retina of the eye, where high concentrations of
65Zn were seen within a few minutes after injection (Figure 1). At this
time, weak uptake was also observed in epiphyseal and metaphyseal parts
of long bones and in other skeletal parts. At 32 minutes and 1 hour after
injection a further increase in the uptake of 65Zn was observed in the
18
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Kidney

Intestines

Fig. 2. Autoradiogram showing distribution of 65Zn in fetuses of a mouse
8 hours after an intraperitioneal injection to the mother. X 5.

hard tissues, the liver, the pancreas, the gastric and intestinal mucosa.
At 1 hour post-injection, a slight uptake could be observed in the fetuses;
in the placenta the concentration was high as well as in the lactating
mammary glands. At two, four and eight hours the uptake in the hard
tissues was further pronounced. However, the highest uptake was still in
the liver, pancreas, spleen kidneys and in the intestinal walls. A further
accumulation of 65Zn was observed in the fetuses, where the highest
concentration was noted in the kidneys, fetal bones, and intestinal con
tents (Figure 2). At 24 and 32 hours and 2 days post-injection the
uptake in the hard tissues was strong. There was also a pronounced
uptake of radiozinc in the gastric and intestinal mucosa. The uptake in
the liver, pancreas, spleen, and in the kidneys was still strong, but
somewhat less pronounced than at earlier periods. At 4 and 8 days after
injection, there was a heavy uptake in the hard tissues, while in the soft
tissues and the body fluids the concentration was less pronounced than
previously.

2. The uptake of 65Zn in the mandibular condyle and some other tissues
in young and adult rats (II)
In both 3-week-old and 24-week-old rats the soft tissues initially showed
the highest uptake of radiozinc. As can be seen in Figure 3, the con19
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3-WEEK-OLD RATS

Mandibular bone ■
Tibia diaphysis ★
Incisors #
Mandibular condyle O
Tibia epiphysis □

Hair ▼
Days after injection
32 :

Concentration

24-WEEK-OLD RATS

Incisors *
Mandibular
condyle O
Mandibular bone ■
Hair ▼
Tibia epiphysis □
Tibia diaphysis ■¥>
Days after injection

Fig. 3. Variation with time in the concentration of 65Zn in 3- and 24-week-old
female rats after an intraperitoneal injection. Each value indicates the mean from
ten rats (at 12 hours, 2 days and 5.6 days for 3-week-old rats mean from nine rats).
The results for blood, kidney, pancreas, spleen, liver and heart lie within the
shaded areas. Detailed results are given in paper II.
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centrations in the soft tissue gradually decreased and, instead, hard
tissues dominated the distribution pattern.
In the 3-week-old rats, the pancreas, liver and kidney showed signifi
cantly higher radiozinc concentration than the hard tissues at 6 hours
(p< 0.001). In these organs, as in the spleen and heart, the concentra
tion of radiozinc fell comparatively rapidly. After two days, the hard
tissues dominated the distribution pattern. The incisors were the only
tissue studied showing an increasing 65Zn-concentration during the entire
experimental period. Of the skeletal samples, the mandibular condyle
initially showed the highest 65Zn uptake, but after 5.6 days it was sur
passed by mandibular bone and tibia diaphysis (compact bone).
In the 24-week-old rats, the kidney, pancreas, liver, spleen, and heart
showed significantly higher 65Zn-uptake than the hard tissues at 6, 12,
and 24 hours post-injection with some few exceptions (p< 0.001). The
soft tissues concentrations fell steadily, and at 16 and 32 days the hard
tissues and the hair dominated the distribution pattern. The mandibular
condyle initially showed the highest 65Zn concentration of the skeletal
tissues, and at 32 days it still showed a significantly higher uptake than
any of the other tissues except the incisors. The incisors were the only
tissue which steadily increased the radiozinc concentration during the
experimental period.
3. The concentration of zinc in some hard and soft tissues of rats in
normal and deficient dietary zinc conditions (III, VI)
The results obtained for 3- and 24-week-old rats raised under normal
dietary conditions are presented in Table 1. Except for tibia epiphysis
in the 3-week animals, all the bone samples (p< 0.001) and the incisors
(p<0.01), had significantly higher zinc concentration than the soft
tissue samples within both age groups. For incisors, blood, kidney, pan
creas, liver, and heart, there were no significant differences between the
two age groups. The concentration was significantly higher in adult rats
in spleen (p< 0.001), mandibular bone (p<0.01), tibia epiphysis
(p< 0.001), and the compact bone of tibia diaphysis (p< 0.001). For
mandibular condyle, the zinc concentration was almost significantly
higher in adult rats (p ~ 0.05).
Zinc concentrations in some rat tissues as influenced by zinc deficiency
are given in Table 2. Of the skeletal samples containing spongy bone,
mandibular bone and tibia epiphysis of the experimental rats (group A)
showed almost significantly or significantly lower zinc concentrations
than those from each of the three control groups (groups B, C and D).
The zinc concentrations in the mandibular condyles of the experimental
21

Table 1. Zinc concentration in some hard and soft tissues from 3- and 24-week-old female
rats determined by means of neutron activation analysis. The values are based on wet
weights and expressed in ppm. x = mean of 10 rats, s = standard deviation.
Tissue

Blood
Kidney
Pancreas
Spleen
Liver
Heart
Incisors
Mandibular condyle
Mandibular bone
Tibia epiphysis
Tibia diaphysis

3-week-old female rats
X

s

s % = 100 s/x

6.3*
18.6
30.0
16.8
53.0
14.6
128.0
152.0*
121.0
45.0
140.0

1.1
2.9
5.7
3.5
18.3
4.3
40.7
57.7
25.0
9.5
22.8

17 %
16 %
19 %
21 %
35 %
29 %
32 %
38%
21 %
21 %
16 %

24-week-old female rats
X

s

s % = 100 s/x

13.0
18.4
22.6
63.7
44.9
14.5
111.0
223.0
204.0
250.0
250.0

15.4
4.2
19.8
28.1
33.4
3.4
33.0
84.9
61.0
52.5
51.9

118
23
88
44
74
23
30
38
30
21
21

%
%
%
%
%
%
%
%
%
%
%

* One sample spoiled during preparation, mean value based on nine samples.

rats (group A) were found to be significantly lower than those of the
ad libitum controls (group D) and almost significantly lower than those
of the paired-fed control animals (group B). The concentrations in the
mandibular condyles of the ad libitum controls (group D) were almost
significantly higher than those of the two other control groups (groups
B and C). In the tibia diaphysis (compact bone), the zinc concentrations
of those of the experimental rats (group A) differed almost significantly
only from those of the ad libitum controls (group D). No significant
differences were found among the four groups in incisors, blood, kidney,
spleen, liver, or heart.
4. The distribution of 65Zn in the endochondral growth site of the
mandibular condyle as compared to that in the proximal end of the
tibia in young rats (IV)
Autoradiography. The distribution of radiozinc showed a similar pattern
in the two growth sites. At 6 hours post-injection, the most intense
uptake was localized in the calcifying cartilage at the erosion line, the
metaphyseal spongiosa, and at the inner surface of the compact bone.
In the calcifying cartilage, most of the zinc was present in the distal
ends of the cell walls and wall fragments of the cartilage cells under
going dissolution. At 24 and 48 hours, the uptake of radioactivity was
found to be more pronounced and the localization was approximately
22
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Concentration

1-WEEK-OLD RATS

Tibia diaphysis ★
Mandibular bone ■

Mandibular condyle O
Tibia epiphysis □

Days after injection
Fig. 4. Variation with time in the concentration of 65Zn in 1-week-old rats after
an intraperitoneal injection. Each value indicates the mean from ten rats. The
results for bloody kidney, pancreas, spleen, liver, and heart lie within the shaded
area. Detailed results are given in paper IV.

the same as at earlier times post-injection. Seven days after administra
tion, the uptake of radiozinc in the calcifying cartilage at the erosion line
was much weaker than at previous times. The most intense uptake was
now seen in the metaphyseal spongiosa of both skeletal zones and, in the
tibia end, also in the ossification center in the epiphysis.
Scintillation measurements. The results are shown in Figure 4. In man
dibular condyle and the tibia epiphysis the concentration of 65Zn from
6 hours and up to 8 days was in the same range as for the soft tissues
kidney, spleen, and heart. The concentration of 65Zn in mandibular
condyle increased up to 12 hours. Between 2 and 4 days, the concentra
tion of radiozinc in the mandibular condyle decreased significantly
(p<0.01). From 4 to 8 days, the concentration in tibia epiphysis in
creased significantly (p< 0.01), but was significantly lower than in man
dibular condyle on to 4 days. In mandibular bone and tibia diaphysis
24

Table 3. Thickness in microns of the proximal epiphyseal plate of the humerus,
n = number of animals, ï = mean, s = standard deviation.
Student’s t-test*

Series I

Expérimentais
Ad. lib. controls
Series II Expérimentais
Paired-fed controls

n

X

6
6
4
4

173
227
245
310

s

23
23
17
14

Strict analysis

Analysis without
regard to the
“cage effect”

p < 0.05

p<0.01

p<0.01

p<0.01

* During the experiments the rats were housed four to each cage. Thus, there is
the possibility of a “cage effect” on the results. An analysis of variance indicated
that a weak; but not statistically significant, “cage effect” may have occurred.
The one-tailed Student’s t-test was performed both as a strict analysis (one value
per cage) and as an analysis without regard to the “cage effect” (one value per
animal).

(compact bone), the uptake increased steadily up to 2 days post-injec
tion, and, at 4 and 8 days, these skeletal samples had the highest con
centrations of radiozinc and differed significantly from the other tissues
studied (p< 0.001).
5. The early effects of zinc deficiency on the morphology, collagen
matrix formation, and longitudinal growth in some endochondral
growth sites of rats (V)
Morphology. The morphologic findings in the control groups of the two
series were closely similar.
In the humerus, the proximal heads of the experimental rats were
markedly smaller and somewhat deformed as compared with those of
the controls. The proximal epiphyseal plates of the experimental rats
were also thinner, within each experimental series, the difference between
the groups was statistically significant or at least almost significant
(Table 3). In the experimental animals, the number of chondrocytes was
reduced in all zones of the epiphyseal cartilage, particularly in the zones
of proliferating and hypertrophying cartilage. The cells of the hypertrophying cartilage did not increase in size to the same extent as in
the control rats, and the chondrocytes of the calcifying cartilage were
smaller and more sparsely located. In the metaphyseal spongiosa, the
trabeculae were fewer, shorter, coarser, and more irregularly arranged
than in the control rats. Osteoblasts were fewer in number in the
25

MANDIBULAR CONDYLE
Experimental rat

Ad lib.
Control rat

Fig. 5. Morphology of the growth center of the mandibular condyle in experi
mental rats and ad libitum controls. UM = undifferentiated mesenchyme, TL =
= transitional layer, HC = hypertrophying cartilage, CC = calcifying cartilage,
SB = spongy bone. Toluidine blue. X 126.

experimental rats. Hematopoietic bone marrow was more plentiful in
the experimantal rats than in the control rats, extending almost to the
erosion line. The microradiograms did not show any alterations in the
dry mass of the cells and matrices of either cartilage or bone.
The structural changes in the rib of the experimental groups were
similar to those observed in the humerus.
The mandibular condyles were smaller in the experimental rats than
in the control rats. The histologic examination showed that the different
tissue layers in the posterior part of the condyle could be categorized
in the same manner as by Öberg (1964) in the guinea pig (Figure 5).
The total thickness of the growth layers in the posterior part of the
condyle was reduced in the experimental rats, due mainly to a reduction
of the zone of hypertrophying cartilage. The transitional layer was also
reduced. No apparent change was seen in the thickness and appearance
of the undifferentiated mesenchyme. The calcifying cartilage and the
26

Table 4. Daily longitudinal growth in microns in the proximal epiphyseal plate of
the humerus, in the growth plate of the rib, and in the growth center of the
mandibular condyle. The statistical analysis has been performed as described in
Table 3. n = number of animals, x = mean, s = standard deviation.
Student’s t-test
n

X

Expérimentais
Ad.lib. controls
Series II Expérimentais
Paired-fed controls

4
4

42
88
63
81

1
4

Series I

Expérimentais
Ad. lib. controls
Series II Expérimentais
Paired-fed controls

4
4

49
97
78
114

5
8
8
8

Series I

4
4

33
55
51

6

4

66

6

Humerus Series I

Rib

Condyle

Expérimentais
Ad.lib. controls
Series II Expérimentais
Paired-fed controls

2
2

2
2

2
2

s

7
6

4

Strict
analysis

Analysis without
regard to the
“cage effect”

p < 0.05

p< 0.001

p < 0.05

p< 0.001

p < 0.05

p< 0.001

metaphyseal spongiosa showed the same changes in the experimental rats
as observed in the humerus. In the microradiograms, the cellular dry
mass appeared to be somewhat lower in the reduced transitional layer
and hypertrophying cartilage in the experimental groups. The dry mass
of the matrices of the growth layers and bone did not differ from that
of the control rats.
Matrix formation. The highest initial uptake of 3H-proline occurred in
the osteoblasts of the metaphyseal spongiosa, and, thereafter, in the
chondrocytes of the zone of the hypertrophying cartilage. In the experi
mental groups, the incorporation of the precursor was clearly less intense
than in the control groups. The transfer of labelled collagen to the
extracellular compartment was markedly slower in the experimental
rats than in the ad libitum-controls.
Longitudinal growth. The growth rate of the experimental rats in series
I was lower, by about one third, than that in series II (Table 4). In
series I, growth in the experimental rats was about 50—60 per cent of
that in the control rats. The differences were statistically significant or
almost significant. The corresponding value for series II was about
70—80 per cent. Because of the small number of animals in this series,
no statistical analysis was performed.
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General discussion
The general discussion is comprised of two sections. In the first section
the accuracy of various methods used are discussed. In the second sec
tion the biological findings are discussed.
Methodologie aspects
Two routes of administration of the radiozinc, intraperitoneal and sub
cutaneous injections, were compared (II). With one exception, no
significant differences in results were found between the two methods
of administration at 6 and 24 hours post-injection. At 6 hours, an almost
significantly higher uptake of 65Zn was found for pancreas after intra
peritoneal injection. However, as no significant differences were found
for liver, spleen or kidney, it seems probable that by 6 hours post-injec
tion, no accumulation of activity in the abdominal organs could be
ascribed to direct contamination from the injected intraperitoneal de
posit. Intraperitoneal injections were chosen in the 65Zn distribution
studies (I, II and IV).
In the scintillation studies (II and IV), the amount of inactive zinc
carrier given per g rat body weight was 0.2 fig, the corresponding figure
in the autoradiographic studies (I and IV) was greater, up to 2.2 fig.
Studies (II) on the influence of various factors on the uptake of 65Zn
showed that the distribution pattern of 65Zn was similar with various
amounts of inactive zinc, and no significant differences were found for
skeletal tissues of the various groups of rats. From this point of view,
direct comparisons between the autoradiographic and scintillation re
sults in study IV seem justified. Various organs and tissues were sampled
for quantitative determinations (II, III, IV and VI). A careful and
uniform sampling technique will minimize the dissection errors. How
ever, when only a part of a tissue is removed, some errors may result
from the dissection technique. These should be reduced when whole
organs or well-defined parts of tissues or organs are taken. In the dissec
tion of some tissues, it is difficult to observe well-defined anatomical
28

landmarks. An experiment (II) carried out to demonstrate the error
due to sample size variation of incisors, mandibular condyle, mandibular
bone, tibia diaphysis and epiphysis indicated that a small inaccuracy
in the sampling technique used for these samples probably caused no
significant error in the calculation of the concentration of zinc or radio
zinc.
The weighing procedure itself did not seem to cause any significant
error in the various calculations. For small tissue samples as mandibular
condyle or incisors, weighing about 15 mg, the maximal weighing error
was estimated to 2 %, which does not appear to influence the calculated
65Zn uptake (II, IV) or zinc concentration (III, VI) to any noticeable
degree. Further tests indicated that the values for 65Zn uptake or zinc
concentration calculated for small tissue samples (mandibular condyle,
incisors) appear to be comparable to those calculated for large samples
(blood, liver, kidney) (II).
The influence of variations in sample geometry in scintillation count
ing technique was tested (II). Within the extreme volume values used
(2,7—3,3 ml) the number of impulses recorded was not significantly
influenced.
In the zinc deficiency studies (V, VI), attention was paid to all con
ceivable sources of zinc. The zinc intake via the water was extremely
low and environmental zinc contamination was minimized by the experi
mental set-up. In study V, the experimental diet (zinc content 1.3 ppm)
seems to have been the sole significant source of zinc for the experi
mental rats. In study VI, the experimental rats were not furnished with
any detectable amounts of zinc. However, it cannot be excluded that,
in spite of the special cage used, zinc intake due to coprophagy might
have taken place—the main route of excretion of zinc is by feces.
Moreover, the loss of hair noted for the experimentals might have pro
vided a possibility for an additional external contribution of zinc. Follis
(1966) reported that much ingested hair was found in the stomachs
in zinc deficient rats, but it is unlikely that rats can avail themselves of
zinc in ingested hair. The experimental periods in the present studies
on zinc deficiency are considerably shorter than in previous investiga
tions of the same character. This short time was chosen in order to
minimize the effects of inanition. In the study by Macapinlac et al.
(1966), the zinc deficient animals showed virtually complete cessation of
growth after 3 weeks.
Various methods have been utilized for quantitative determinations
of zinc in biologic material (III p. 2). Meinke (1955) compared various
methods and found neutron activation analysis to be the most sensitive
for zinc. The sensitivity of neutron activation analysis has been reported
29

to be in the range of 10"2 jug (Meinke 1955, Leddicotte et al. 1958,
Bowen 1959, Parr and Taylor 1964). Using the radiochemical separation
procedure worked out by Samsahl (1961 a, b) and Samsahl et al (1963),
the sensitivity can be further increased (10-4—10-5 jug). Neutron
activation analysis was chosen in the present studies because it has a
high degree of sensitivity and because the risk of contamination can
be almost completely eliminated (Söremark 1965, Bowen 1966). The
method is free from trace element contamination after irradiation. For
that reason, the elements to be determined can be added as carriers
after irradiation. As pointed out by Söremark (1965) this will increase
the sensitivity and is quite different from the procedures used in most
other micro techniques. Various chemical analyses for zinc in biologic
tissues are rather good and therefore neutron activation analysis is not
absolutely necessary, as the increased sensitivity of this method may be
of less practical advantage for determining tissue zinc concentrations.
However, for the control of the zinc concentration in the zinc deficient
diet, purified water and mineral supplement (V, VI), a very sensitive
technique such as neutron activation analysis is necessary. The loss of
zinc due to the radiochemical separation method used after the irradia
tion was tested (III). The yield was 97.3 % with a standard deviation
of 3.5 %. This figure is in close agreement with that reported by Brune
(1963) using the same method. The reproducibility of the radiochemical
method used has been analysed previously and was found to be very good
(Söremark and Bergman 1962, Bergman and Söremark 1963).
Qualitative microradiography on paraffin sections with ultra-soft
roentgen rays was included as a complement to conventional light
microscopy (V). Various limitations of this technique caused by the
histotechnical procedures have been discussed by Öberg (1964). Ac
cording to his interpretation, the dry mass represents the insoluble frac
tion of polysaccharides and proteins rather than total organic mass.
Thus, cellular dry mass should essentially reflect the amount of protein
in the protoplasm, except perhaps in some chondrocytes where glycogen
and mucopolysaccharides may be present in such amounts as to contri
bute markedly to roentgen ray absorption. Dry mass of the intercellular
matrices should be mainly related to collagen. In cartilage, with its great
content of ground substance, it may be assumed that the proteins and
mucopolysaccharides of the ground substance might contribute signi
ficantly to the roentgen ray absorption.
The distribution of radiozinc was studied on whole-body autoradio
grams of adult mice (I) and on microautoradiograms of tibia end and
mandibular condyle of young rats (IV). For these purposes, the tech
nique described by Ullberg (1954, 1959) of sectioning whole frozen
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animals or specimens of animals and freeze-drying the sections was
considered most convenient and suitable. The technique enables sec
tioning through undemineralized tissues in mice and young rats. 65Zn
is suitable for autoradiography mainly because of the emission of Auger
electrons, which are emitted as a consequence of electron capture and
the resulting rearrangement of the orbital electrons (Forberg et al.
1964). Competing with the Auger electron emission is roentgen ray
radiation. Auger electrons are emitted in 55 % of the total electron
capture events (99 % of the disintegrations) with an energy of 7 keV,
and roentgen rays with an energy of 8 keV are emitted in 45 % of the
disintegrations. The Auger electrons and the roentgen rays are monoenergetic. The small fraction (1 %) of positrons (324 keV) may also
contribute to the autoradiographic image. The use of thin sections and
thin autoradiographic emulsions will reduce the relative contribution
of the roentgen rays to the blackening in the emulsion and increase that
of the short-ranged Auger electrons, thus increasing the resolution in
the autoradiograms.
Collagen matrix formation and longitudinal growth in zinc deficientfed rats and their controls were studied using autoradiography with
tritiated proline (V). Labelled proline is commercially available as
L-proline-14C or L-proline-3H. The low energy of the beta rays of
tritium, 3H, (18 keV) is more favourable for autoradiography in com
parison with the more energetic beta rays of 14C (155 keV). 3H-proline
may be used as an effective indicator of the formation and deposition of
matrical protein. The protein visualized is probably mainly collagen,
since by far the greatest portion of proline/hydroxyproline in skeletal
matrices occurs in this protein (Öberg et al. 1969). However, with the
technique used for coating autoradiography, there is a risk that release
of tritiated proline from the sections will occur during various steps
involving the use of fluids (Jackson and Bentley 1960). Magnusson
(1968) reported that 3H-proline given intraperitoneally to young rats
seemed, also after a short survival period, to be retained in the tissues
and was not washed out during tissue processing. The tissue processing
used in the present study was similar. Therefore, it seems probable that
coating autoradiography of demineralized tissue should give a repre
sentative picture of the uptake of 3H-proline also in the present study.
Biologic aspects
A placental transfer of radiozinc has previously been demonstrated in
mice and rats (Feaster et al. 1955, Kinnamon 1963, Gunn et al. 1963),
in rabbits (Terry et al. 1960, Ribas et al. 1963 b), and in dogs (Vallee
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et al. 1949). By using a whole-body autoradiographic technique (I) it
was possible to follow the transfer of 65Zn across the placenta and study
the distribution of zinc in various maternal and fetal organs and tissues
on the same autoradiogram. At one hour post-injection of 65Zn, a slight
uptake was visible in the fetuses; in the placenta the concentration was
high. At two and four hours the highest concentrations within the fetuses
were observed in the liver, the kidney, and the intestinal content. At
these times an uptake of radiozinc in fetal bone was visible, and at eight
hours this uptake was further pronounced. These observations of the
early placental transfer of radiozinc seem to point in direction towards
the results of Kinnamon (1963), who, 4 days efter administration of
65Zn to pregnant rats, found the highest concentration of labelled zinc
within the fetuses in calcifying areas.
The high concentrations of radiozinc observed in the prelactating
mammary glands (I) reflects the route for postnatal transfer of zinc via
the milk, previously postulated from scintillation studies (Feaster et al.
1955, Gunn et al. 1963). Colostrum in man contains large amounts of
zinc (Berfenstam 1952). Newborn rats deprived of colostrum have been
reported to exhibit zinc deficiency symptoms (Nishimura 1953).
The general distribution patterns obtained by whole-body autoradio
graphy on mice (I) and scintillation measurements on rats (II) were
similar. Comparing the scintillation results obtained for the young rats
(3-week-old) and the adult (24-week-old), it is found that the kinetics
of radiozinc was many times faster in the young rats. These observations
are in accordance with Ballou and Thompson (1961) and Strain et al.
(1964). A rapid uptake of radiozinc was observed in most of the soft
tissues, whereas the accumulation in skeletal tissues, incisors, and hair
was slower. In the long bones, the early uptake was localized in the
epiphyseal and metaphyseal parts as well as in the compacta of the
diaphysis and increased steadily over the time period studied (I). From
24 hours on to the last survival period, 8 days post-injection, the 65Zn
distribution in the hard tissues dominated the autoradiographic distribu
tion pattern. This general picture of 65Zn distribution is in good agree
ment with previous scintillation studies (Sheline et al. 1943 a, Feaster
et al. 1955, Wakeley et al. 1960, Rubini et al. 1961, Ballou and Thomp
son 1961, Molina et al. 1961, Czerniak et al. 1962, Stand et al. 1962,
Robertson and Burns 1963, Ribas et al. 1963 a, Strain et al. 1964,
Spencer et al. 1965, Johnston et al. 1966).
It was shown that of the hard tissues only the incisors steadily in
creased in 65Zn concentration in 3- and 24-week-old rats over the experi
mental periods (II). The crowns of the rat incisors are almost fully
mineralized at 3 weeks of age (HI) and are subject to continuous growth
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and abrasion. Normally, no remodelling taies place in the enamel or
dentine. As the growth of the incisors proceeds, the 65Zn concentration
in the crowns increases due to the fact that 65Zn is continuously incor
porated into the body of the apatite crystals as they are being formed.
65Zn is probably lost mainly when the crystals reach a surface position
and are abraded. 45Ca- and 85Sr-studies by Bauer et al. (1961) and Bauer
and Shtacher (1968) indicated that the mineral in rat incisors is less
accessible to exchange than the bone mineral.
Earlier studies have shown that 65Zn is taken up by the skeleton at a
low rate and is bound for long periods. The bone examined in previous
studies has mostly been femur or tibia. Generally, the authors have
studied whole bone specimens except for Strain et al. (1964), who dif
fered between femur end and shaft in two age groups of female and
male rats, 3—4 months and over 1 year old. However, they do not
interpret their results with regard to the different parts of femur. In
those cases where comparisons are possible ( v. Sheline et al. 1943 a,
Wakeley et al. 1960, Ballou and Thompson 1961, Richmond et al. 1962,
Czerniak et al. 1962, and Strain et al. 1964) the general turnover picture
of 65Zn obtained for tibia samples of 3- and 24-week-old rats (II) seems
to be in agreement with the previous studies. In the tibia epiphysis of
the young rats, the turnover was more rapid than in the compact diaphysis, and in the mandibular bone samples, consisting of both spongy
bone and compact bone, the turnover was intermediate between the
mandibular condyle, mainly composed of spongy bone and cartilage, and
the compact bone of tibia diaphysis. In the old rats, the turnover curve
of mandibular bone ran roughly parallel with the tibia samples.
Of the skeletal tissues, the mandibular condyle in 3- and 24-week-old
rats initially showed the most rapid uptake of 65Zn (II). From the first
to the fourth day after injection, the condyle in the young group showed
the highest concentration of radiozinc of all the tissues studied, and, in
the older group, it had the highest concentration of radiozinc injected
from 4 to 16 days (Figure 3). Microautoradiographic studies on the
mandibular condyle of young rapidly growing rats (IV) showed that
65Zn was localized primarily in the zone of calcifying cartilage and in
numerous trabeculae of the spongiosa, while in the rest of the cartilage
only a low concentration could be detected.
At the age of 3 weeks, the mandibular condyle of the rat is still
composed of a comparatively large portion of cartilage. With increasing
age, the cartilage in the condyle is gradually replaced as bone is formed.
In adult rats, this soft tissue constitutes only a thin layer on the top of
the condyle (Collins et al. 1946, Cunat et al. 1956). Cunat et al. (1956)
reported that between 15 and 19 days after birth remodelling resorption
3 — Bergman
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begins on the medial and lateral walls of the rat condyle and that this
resorption is quite marked at the age of 23 days. The zinc concentration
(ppm of wet weight) in the mandibular condyle of 3-week-old rats is
of about the same magnitude as in the mandibular bone and tibia diaphysis as determined by neutron activation analysis (III). That the
turnover of 65Zn was more rapid in the mandibular condyle than in these
other two skeletal samples of 3-week-old rats indicates that ion exchange,
mineralization, and remodelling take place at a higher rate in the
mandibular condyle than in the mandibular bone and the tibia diaphysis
at this age.
In the 24-week-old animals, the initial uptake of 65Zn was much more
pronounced in the mandibular condyle than in the other hard tissues.
The subsequent loss of 65Zn took place somewhat more rapidly in the
condyle compared to the other bone samples. The concentration of
zinc, (ppm of wet weight) in the mandibular condyle of 24-week-old
rats is of about the same magnitude as in the mandibular bone, tibia
diaphysis, and tibia epiphysis (III). The remodelling processes in the
condyle are slow in adult rats (Collins et al. 1946 a). The comparatively
rapid turnover of 65Zn in the mandibular condyle of adult rats may,
therefore, mainly be ascribed to ion exchange of zinc. This exchange
takes place at a higher rate in the mandibular condyle than in the other
skeletal tissues studied. The condyle contains a large number of trabec
ulae which constitute a large total crystal surface for ion exchange.
The specific localization of radiozinc in the endochondral growth
zones of the mandibular condyle and the proximal end of the tibia of
1-week-old rats was similar at comparable survival periods (IV). The
most intense radioactivity was initially found in the calcifying cartilage,
in the bone trabeculae, and at the inner surface of the compact bone.
The uptake of 65Zn noted at the vertical borders of the mandibular
condyle was most probably associated with the bone apposition on the
sides of the condyle reported by Cunat et al. (1956) to take place in
rats until about the fifteenth day after birth.
When the scintillation results for 1-week-old rats are compared
to those found for 3-week-old rats (Figures 4 and 3), the distribution
pattern is similar in the two age groups except for mandibular condyle
and tibia epiphysis. In the 1-week-old rats, mandibular bone and tibia
diaphysis showed a more rapid and higher uptake of 65Zn than tibia
epiphysis and mandibular condyle. This can be ascribed to the rapid
mineralization taking place in the tibia shaft and mandibular bone at
this age. The mandibular condyle and tibia epiphysis of 1-week-old rats
are mostly composed of cartilage in which the 65Zn uptake as seen from
the autoradiograms is low. Thus, the turnover of radiozinc in the man
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dibular condyle observed in the 1-week-old rats mainly reflects the
turnover in cartilage. In contrast to the mandibular condyle, the 65Zn
concentration in the tibia epiphysis increased from days 4 to 8 as a
result of the accumulation of radiozinc in the developing epiphyseal
spongiosa visualized in the autoradiograms.
As long as the blood and other surrounding fluids contain 65Zn, the
calcifying cartilage will take up available radiozinc. In the 1-week-old
rats, the concentration of 65Zn in whole blood decreased during the
scintillation experimental period from 6 hours to 8 days. Correspond
ingly, the autoradiograms revealed that the bone deposited between
injection and sacrifice after 7 days showed a decreasing concentration of
65Zn from a high radioactivity in the deeper spongiosa towards a low
65Zn concentration in the zone of calcifying cartilage. Haumont (1963)
reported that five days after 65Zn administration the radioactivity in
the proximal end of rat tibia was not detected in the calcifying carti
lage, but in the metaphyseal trabeculae. It is probable that Haumont
(1963) by using longer exposure times still would have detected radio
activity at the erosion line after five days. There is another reported dif
ference indicative of this. Haumont and Vincent (1961) and Haumont
(1963) reported that 65Zn was concentrated exclusively in areas of
calcification and they found no diffuse uptake in bone calcified at the
time of 65Zn injection. Jowsey and Orvis (1967), however, found an
uptake of 65Zn also in fully calcified bone, although this uptake was low
and diffuse.
Matthews et al. (1968) reported that in the hypertrophic zone of
matrix mineralization of cartilaginous growth plate of the rat, radiocalcium was principally associated with the widely distributed mem
branes and processes of cells in varying states of dissolution. As the mem
branes involved in calcium binding previously have been reported to be
associated with ATP, mucopolysaccharide, and phosphatases, Matthews
et al. (1968) suggested that these cell membranes might be the site of
primary nucléation for mineralization. It is interesting to note that in
the autoradiograms (IV), a high initial uptake of radiozinc was seen in
the longitudinal cartilaginous demarcations between the cartilage cells
undergoing dissolution. Studies on the localization of zinc in endo
chondral growth sites as revealed by histochemistry (Haumont 1961,
1963) and autoradiography (Haumont 1963, the present study) have
shown that high concentrations of zinc are present in those regions where
mineralization starts (McLean and Bloom 1940, Scott and Pease 1956,
Matthews et al. 1968). For a more detailed picture of the cellular in
corporation of radiozinc in endochondral growth sites, electron micro
scope studies are needed.
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For all the rat tissues analysed in papers III and VI, data on zinc
concentrations in rats are available from earlier studies, except for
mandibular condyle and mandibular bone.
Where comparisons can be made, the results of zinc concentrations
obtained for rats raised under normal dietary conditions agree compara
tively well with those previously published (III, Table 4). Spleen was
the only soft tissue tested where a significant difference could be shown
between the two age groups in the present study. At present, no explana
tion can be given for this difference. It is also noteworthy that the zinc
concentration in the spleen of the 24-week-old rats is the only soft tissue
concentration which differed considerably from previously published
values. It was found that the skeletal samples of the adult rats had
significantly higher zinc concentrations per g wet weight than those of
the young rats; for mandibular condyle, the difference was almost signifi
cant. The zinc concentrations found for skeletal tissues containing spongy
bone (mandibular condyle, mandibular bone and tibia epiphysis) will also
include zinc in the hematopoietic bone marrow. Zinc concentrations in
bones from various ages have previously been analysed by Taylor (1961)
and Alexander and Nusbaum (1962). Taylor (1961) reported that the
mean zinc content of femur, humerus, pelvis, and rib in rats continued
to rise with increasing age. Alexander and Nusbaum (1962) were,
however, not able to show any elevation of zinc in rat femur with in
creasing age. The results of Taylor (1961) are based on wet weight,
while those of Alexander and Nusbaum (1962) are based on ash weight.
This fact complicates direct comparisons between the studies.
The wet weight zinc concentrations for the hard tissues (Table 1),
were recalculated on the basis of ash weight determined in an additional
experiment (III, Table 5). Using the ash weights no significant differ
ence could be found between the young and adult rats for the zinc
concentrations in the incisors, mandibular condyle, mandibular bone, or
tibia diaphysis. For the tibia epiphysis, the adult rats showed an almost
significantly higher zinc concentration than the young rats. Alexander
and Nusbaum (1962) found that the zinc concentration in ashed femur
ends was higher than in shafts. A similar observation was done in the
present study for tibia epiphysis and diaphysis. The mean values for
zinc concentration in ashed tibia diaphysis in the present study (350 and
391 ppm) agree well with those reported by Mawson & Fischer (1951)
for ashed tibia (390 ppm = 233 ppm wet weight) and Alexander and
Nusbaum (1962) for ashed femur shaft (323 ppm). It appears that zinc
concentration in skeletal tissues and incisors of rat increases as minerali
zation proceeds which corresponds to the situation in the human enamel.
Surface enamel in man is more mineralized than the deeper layers
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(Thewlis 1940, Soni and Brudevold 1959, Angmar et al. 1963), and
Brudevold et al. (1963) found zinc to be more concentrated in surface
layers than in deeper layers of the enamel in man.
The most striking difference in zinc concentration obtained between
young and adult rats was found for tibia epiphysis, 45 and 250 ppm zinc
respectively based on wet weights. This difference may reflect the late
start in mineralization, as indicated by the low ash weight at three
weeks, and the continuous replacement of existing epiphyseal cartilage
with bone with increasing age.
No significant difference could be found in the present study between
the incisors in the two age groups. This can probably be explained by
the fact that the rat incisors seem to be almost fully mineralized at 3
weeks of age, as indicated by the ash weight/wet weights ratios, and,
thereafter, are subject to continuous growth and abrasion.
The zinc concentration in bone has previously been reported to be
reduced in rats placed on a zinc deficient diet (VI Table 1). In these
previous studies, the whole bone seems to have been taken for analysis
without distinction being made between various parts of the bone speci
mens; only femur or fibula have been included and the experimental
periods have been comparatively long—between 6 and 11 weeks. Study
VI is concerned with the early effect of zinc deficient feeding on the zinc
concentrations in tissues of rat where skeletal tissues were of primary
interest. The ad libitum-controls used in this study may not be considered
as a control group in the strict sense, as they were fed a conventional
rat diet (VI p. 10).
The results of the statistical analysis (VI) may be interpreted in more
than one way. The five animals in each group were placed in the same
cage. Thus, it cannot be excluded that the observed differences may be
due to unintentional diversities between the four groups, e.g. that the
animals in one cage may have been subjected to an infection with
retroaction on the results. However, no signs indicative of a “cage
effect” were observed. Growth is the most commonly used criterion to
follow the development of experimental animals. In this respect, it is
of interest to compare the weight increases of the experimental rats
and controls in paper VI with those in two other studies (paper V,
Bergman et al. in progress), as the design and execution of the three
studies were similar. The weight increases of the experimental rats and
paired-fed control rats are nearly the same in these three studies. This
suggests that the difference in the weight increase observed in paper VI
was probably not a “cage effect”. That retroactions on the zinc con
centrations are not correlated to the weight is supported by the fact that
the paired-fed and paired weight-fed control rats did not differ con
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cerning the zinc concentrations, despite the markedly different weight
increases for these groups.
In previous experiments, ad libitum-ied and/or paired-fed control rats
have been used. Paired weight-fed control rats were also included as a
control group in study VI. It was of special interest to compare the
experimental rats with the paired weight-fed controls. The low zinc
concentration of the mandibular bone and the tibia epiphysis of the
experimental rats is probably not a consequence of primary or secondary
inanition, since the zinc concentrations in these tissues from not only the
ad libitum- and paired-fed controls but also the paired weight-fed con
trols differed significantly or almost significantly from those of the
experimental rats.
For compact bone, such as tibia diaphysis, zinc is presumably taken
up and released mainly as a result of remodelling processes. It is dif
ficult to estimate the degree of remodelling which has taken place
during the 18-day experimental period. However, previous experiments
using radiozinc have shown that turnover of zinc in well-mineralized
tissues of rats is normally very slow (Gilbert and Taylor 1956, Ballou
and Thompson 1961, Taylor 1961, paper II). The experimental rats
were, therefore, probably not able to any noticeable degree to avail
themselves of the zinc present in compact bone. However, in longer
zinc deficient periods, zinc in compact bone could also be made available.
Several studies in rats have shown that strontium and calcium in the
incisors are less accessible to exchange than that in bone (Bauer et al.
1961, Bauer and Shtacher 1968). A decrease in zinc concentration in
teeth of zinc deficient rats has been reported by Hove et al. (1938).
However, this conclusion was based on one sample. The crowns of the
rat incisors are almost fully mineralized at 3 weeks of age (III) and are
subject to a continuous growth and abrasion. In the incisors, zinc is pre
sumably lost mainly due to abrasion of the incisal edges. Therefore, the
zinc present in incisors is probably not available in zinc deficient condi
tions, unless abraded particles are ingested and zinc absorbed from this
source.
The less mineralized structures are in a state of very rapid exchange
with body fluids, and mineralized tissue in the body may act as an ionexchanger. The skeleton may, therefore, play a physiological role in
normal and diseased conditions. It is well-known that the turnover of
mineral is more rapid in spongy bone than in compact bone. In the
present short-term study, tibia epiphysis, mandibular bone, and man
dibular condyle of the experimental rats showed almost significantly
or significantly lower zinc concentrations compared to those of the
control rats with one exception. It is possible that skeletal tissues
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containing spongy bone was the main source of the zinc supplied to
meet the needs of the growing soft tissues. However, there may be other
explanations. For example, the turnover of zinc in soft tissues may have
been slowed down in the zinc deficient rats due to homeostatic mechan
isms tending to reduce those portions of zinc in the soft tissues which
are normally exchangeable. Even if at the same time the exchangeable
fraction of zinc in spongy bone tissue was unaltered, it cannot be estab
lished from the present data to what extent this available zinc was
needed by the soft tissues.
The results in study V confirm that the growth rate of rats on a zinc
deficient diet is reduced compared to ad libitum-fed controls (Hove
et al. 1934, Day and McCollum 1940, Millar et al. 1958, and Macapinlac et al. 1966). The experimental rats (V, VI) also grew less rapidly
than the paired-fed controls (cf. Millar et al. 1958, and Macapinlac
et al. 1966). This implies that the deficient animals were not able to
utilize their consumed food as well as controls receiving an adequate
supply of zinc. Follis (1958) discussed various possible explanations for
this. Similar observations have also been made in experimental vitamin
C-deficiency in guinea pigs (Friberg 1958).
The morphologic observations (V) indicated that there was a reduc
tion in thickness of the epiphyseal plates of the humeri and the ribs of
the experimental rats as compared with the respective controls. The
cartilage of the mandibular condyle was similarly reduced. In addition
metaphyseal trabeculae were fewer and coarser, with hematopoietic bone
marrow extending almost to the erosion line. These changes cannot,
however, be interpreted as specific signs of zinc deficiency since similar
changes are seen in a variety of deficiencies including inanition (Follis
1958).
In one aspect, there was a difference between the mandibular con
dyle and the other areas of skeletal growth. The undifferentiated mesen
chyme, in contrast to the proliferating cartilage of the epiphyseal plates,
was not affected in thickness or appearance by the zinc deficiency. This
observation supports the hypothesis, put forward by Becks et al. (1946),
Baume et al. (1953) and Weinmann and Sicher (1955), that as the
endochondral growth apparatus of the mandibular condyle is structurally
different from epiphyseal plates, it may react differently to experimental
stimuli or disease. The effect of zinc deficiency on cellular proliferation
in undifferentiated mesenchyme compared with proliferating, epiphyseal
cartilage is at present being studied by means of autoradiography with
3H-thymidine (Bergman et al., in progress).
The autoradiograms gave evidence in several ways of functional dis
turbances of the endochondral growth mechanism in the zinc deficient
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rats (V). In comparison with the control rats, the experimental rats
showed a less intense uptake of 3H-proline and a slower rate of transfer
of the isotope to the intercellular compartment. It is reasonable to inter
pret this as indicating a reduced formation of collagen. This assumption
is not contradicted by the absence of microradiographic evidence of a
reduction in dry mass content of the matrices of cartilage and bone.
Presumably, a considerably longer duration of the zinc deficiency is
required for changes in synthetic rates to produce detectable differences
in the microradiograms in collagen content of the matrices. Similarly, it
has been shown that the formation of sulfated glycosaminoglycans in
rib cartilage of vitamin C-deficient guinea pigs is markedly disturbed
after an experimental period of 3 weeks. Yet, at this time, no significant
qualitative or quantitative changes in the mucopolysaccharide fraction
of the cartilaginous matrix were detectable upon chemical analysis (Fri
berg 1958, Lohmander and Friberg, in progress). In order to obtain
more detailed information on the influence of zinc deficiency on the
formation of different matrix components, in vitro studies are now in
progress. Several radioactive precursors are being used, including 3Hproline, 35S-sulfate and 14C-glucosamine (Bergman et al. in progress).
There was also a reduced rate of longitudinal growth and remodelling
in the experimental rats. The differences in longitudinal growth between
the four groups of animals were related to the differences in weight
increase. Thus, on a percentage basis the experimental rats in Series II
differed less from their paired-fed controls than the experimental rats
in Series I from their ad libitum-îed controls.
It may be concluded that zinc deficiency leads to a generalized dis
turbance of the endochondral growth apparatus as evidenced by both
structural and functional changes in the three skeletal growth areas
studied. It is not possible, however, to determine from the present data
whether this represents a specific effect of the zinc deficiency, or is a
secondary phenomenon related to inanition, or both. As pointed out by
Follis (1958, 1966), the growing skeleton is an extremely sensitive tissue.
Chondrocytes and osteoblasts may respond nonspecifically to a partial
or complete inanition by a slowing, or even complete arrest, of growth.
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General summary and conclusions
The studies were undertaken with the object of examining:
1. The general distribution and prenatal transfer of 65Zn in mice ( I ).
2. The uptake of 65Zn in the mandibular condyle and some other tissues
in young and adult rats (II).
3. The concentration of zinc in some hard and soft tissues of rats in
normal and deficient dietary zinc conditions (III, VI).
4. The distribution of 65Zn in the endochondral growth site of the
mandibular condyle as compared to that in the proximal end of the
tibia in young rats (IV).
5. The early effects of zinc deficiency on the morphology, collagen
matrix formation, and longitudinal growth in some endochondral
growth sites of rats (V).
The most important results and the conclusions reached were as follows:
1. In most organs and tissues, 65Zn was found to be accumulated very
soon after an intraperitoneal injection. However, the uptake in hard
tissues, the central nervous system* and in the fetuses was relatively
slow. Within a few minutes after administration, a weak uptake of
radiozinc could be observed in hard tissues, and this uptake increased
over the time period studied. From 24 hours on, the 65Zn distribu
tion in the hard tissues dominated the autoradiographic distribution
pattern. A prenatal transfer of 65Zn in mice was demonstrated and
at two and four hours post-injection uptake of radiozinc was visible
in fetal bone. High concentrations of radiozinc were observed in the
prelactating mammary glands reflecting the route for postnatal trans
fer of zinc via the milk.
2. In both 3-week-old and 24-week-old rats, the soft tissues initially
showed the highest uptake of radiozinc of all tissues studied. After
some time the high concentrations in the soft tissues fell, and, instead,
4 — Bergman
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the hard tissues dominated the distribution pattern. Incisors were
the only tissue which steadily increased the radiozinc concentration
during the experimental periods. Of the skeletal tissues, the man
dibular condyle initially showed the highest 65Zn concentration.
3. Using wet weight, the following results were obtained for rats raised
under normal dietary conditions. The incisors and all the bone
samples, except tibia epiphysis in the 3-week-animals, had signifi
cantly higher zinc concentration than the soft tissues samples within
both 3- and 24-week-old rats. For incisors, blood, kidney, pancreas,
liver, and heart, there were no significant differences between the two
age groups. The concentration was significantly higher in adult rats
in spleen, mandibular bone, tibia epiphysis, tibia diaphysis and almost
significantly higher in mandibular condyle. When the wet weight zinc
concentrations for the hard tissues were recalculated on the basis of
ash weight, no significant differences could be found between young
and adult rats for the zinc concentrations in incisors, mandibular
condyle, mandibular bone or tibia diaphysis. For tibia epiphysis, the
adult rats showed an almost significantly higher zinc concentration
than the young rats.
In zinc deficient conditions, mandibular bone and tibia epiphysis
of the experimental rats showed almost significantly or significantly
lower zinc concentrations than those of the control rats. The zinc
concentrations in the mandibular condyles of the experimental rats
were found to be almost significantly lower than those of the pairedfed controls. In the tibia diaphysis, the zinc concentrations of those
of the experimental rats differed almost significantly only from those
of the ad libitum-controls fed conventional rat diet. No significant
differences were found between experimental rats and control rats
for incisors, blood, kidney, spleen, liver, or heart.
4. The distribution of 65Zn showed a similar pattern in the two growth
sites. Initially, the most intense uptake was localized in the calcifying
cartilage, the metaphyseal spongiosa, and at the inner surface of the
compact bone. Seven days after administration, the uptake of radio
zinc in the calcifying cartilage was much weaker than at previous
post-injection times. The most intense uptake was now seen in the
metaphyseal spongiosa of both skeletal zones and, in the tibia end,
also in the ossification center in the epiphysis.
5. The growth rate of experimental rats placed on a zinc deficient diet
was reduced compared to ad libitum- and paired-fed control rats.
Morphological changes in the growth areas in the proximal epiphysis
of the humerus, the rib, and the mandibular condyle of the deficient
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animals included a reduction in thickness of growth cartilage, and
evidence of reduced osteoblastic activity. The autoradiograms indicat
ed that there was a reduced formation of collagen and a reduced
rate of longitudinal growth and remodelling in the experimental rats.
It was not possible to determine whether the observed changes
represent a specific effect of zinc deficiency, or is a secondary phe
nomenon related to inanition, or both.
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