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NICHLL AS A FPOTeWTIAL NOTRIZNT

By
Rodger Henry Wellenrelter
Ten experiments were conducted to investigate the possible

involvement of nickel in the nutrition of the Japanese quail

(Coturnix coturnix japonica). The experiments consisted of a

generation study conducted in an attempt to deplete successive
generations of quall of any possible body stores of nickel
and, in turn, produce symptoms of a nickel deficiency. A
second serles of experiments, conducted simultaneously with
the generation study, dealt with a postulated involvement of
nickel in the activation of the enzyme, arginase, in which
attempts were made to induce at least a partial in vivo
activation of the enzyme by nickel. This was accomplished by
altering the dietary levels of arginine and manganese in an
effort to increase the demand for an active arginase while
at the same time removing its normal in vivo activator,
manganese, Appropriate nickel-supplemented control quail
were also carried through each of the 10 experiments.

To prevent exposure of the quall to alrborne nickel
contaminants, they were housed in rigid plexiglass and/or
balloon type plastic isolators, originally designed for

gnotobiotic research, equipped with glass media air filters.
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Feeders and waterers were made of plexiglass or plastic which
contained no detectable nickel.

A highly purified diet was developed which supported
normal growth, egg production, fertility, hatchability and
chick weight. Casein was used as the protein source in the
diet, and in the course of development of the dlet, it was
shown that arginine is the first limiting amino acid in casein
for the Japanese quail as it is for the chick. Supplementa-
tion of a 35 percent casein diet with 1.13 percent of L-arginine
hydrochloride alleviated the growth limitin~ effects of the
casein diet and increased plasma arginine, indicating that the
arginine requirement had been met. Dietary vitamin levels
recommended for the chick proved to be inadequate for the
quail., The high vitamin requirement was not due to the stress
of beling housed in isolators since quail housed under con-
ventional conditions exhibited the same high vitamin require-
ments when fed the purified diet. Of course, this does not
exclude the purified diet, itself, as a contributing factor.

In three of the experiments, the quall were raised to
adults and used to produce eggs from which a succeeding
generation was hatched. 7Two other experiments, involving
fourth generation birds, were terminated before egg produc-
tion began., Supplemental arginine was added to all of the
dieta wused in these experiments, so the only dietary

variable was the nickel concentration. The basal diet was
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assayed to contain 74 ppo of nickel, and the nickel supple-
mented diet was assayed to contain a final concentration of
1780 ppb of nickel. The dietary nickel concentration had no
significant effect on weight gain in four of the five experi-
ments and no apparent effect on reproductive performance 1in
any of the three trials in which egg production occurred.
Wwelght gain was significantly increased by supplemental
nickel in one experiment involving fourth generation quail.
An attempt to repeat this performance in another group of
fourth generation birds was unsuccessful.

At the conclusion of each experiment, the birds were
killed by decapitation and blood collected for plasma amino
acid analysis. The lungs, liver and pancreas were collected
for tissue nickel assays, and the kidneys were collected for
kidney arginase assays. Due to the very small size of the
organs, an accurate quantitation of the tissue nickel concen-
tration was not possible by the methods used. Increased
arginase activity was not consistently associated with the
higher dietary nickel concentration and no conclusions can
be drawn as to the in vivo actlivation of arginase by nickel.
Hematocrit, hemoglobin and total plasma protein determinations
revealed no consistent correlation between the values obtained
and the nickel concentration of the diet.

The other five trials were devoted to a study of the
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possible role of nickel as an activator of arginase. Two
levels of nickel and two levels of arginine were included in
the diets in a 2 x 2 factorial design. The first level of
supplemental arginine used, 0.88 percent of the diet, proved
to be somewhat 1inadequate and the supplemental level was in-
creased to 1.13 percent. Significant increases in weight
gain were produced by supplemental arginine in all five
experiments., There was some indication that the addition of
nickel to an arginine deficient diet stimulated growth. Plasma
amino acid analyses revealed a lower essential to non-
essential amino acid ratio in the nickel supplemented, argi-
nine deficient quail. Thus, nickel may increase the
efficiency of utilization of arginine when arginine is rela-
tively deficient. Dietary nickel concentration had no
significant effect on growth of quail given diets adequate in
their arginine content. The dietary concentration of nickel
had no effect on arginase activity, but the addition of
arginine to the diet stimulated arginase activity 1in diets
otherwise adequate in all the other known nutrients.

With respect to the last statement, two experiments were
conducted in which the protein content of the diet was de-
creased by 8 percent and further imbalanced by the addition
of one percent of tyrosine, The addition of tyrosine had been

reported to increase arginase activity, but no increase was
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observed, possibly due to the low level added. Decreased
welght gain occurred on all treatments, as compared with
previous trials, and the decrease was attributed principally
to an inadequate protein level. An attempt was made to lower
the nickel concentration of the basal diet used in these two
trials by washing of the calcium, magnesium and phosphorus
sources with dimethylglyoxime. The nickel content of each
of the minerals was considerably lowered but a net decrease
of only 3 ppb, from 74 to 71 ppb, occurred in the mixed basal
diet. A decreased dietary manganese concentration was also
employed 1in an attempt to deprive arginase of its normal
activating ion and, in turn, induce nickel to act as an in
vivo activator. The nickel concentration of the supplemented
diets was increased to 4660 ppb for these two trials. The
results obtalned from the arginase assays were variable and
inconclusive. The dietary concentration of nickel employed
had no apparent effect on hematocrit, hemoglobin or total
plasma protein values.

The results obtained suggest that the nickel requirement
of the Japanese quall fed an otherwise adequate diet is less

than 74 ppb, if indeed there is a bona fide need for nickel
in the diet.
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I. INTRODUCTION

The relatively recent discoveries of the importance of
the trace elements selenium (Schwarz and ¥oltz, 1957) and
chromium (Schwarz and lertz, 1959) in nutrition has
accentuated the probability that essential metabolic func-
tions for other minerals remain to be elucidated.

Analyses of human tissues have revealed that there are
at least 15 trace elements consistently present for which no
metabolic function is yet known (Tipton, 1960). Although
some of the 15 may be accumulated with age as inert con-
taminants with no biological function, others very possibly
are essential for 1life with their function awaiting discovery
by some enterprising scientist.

A quantity of indirect evidence indicating that nickel

[33)

may exert a biologlical function is accumulating. or
example, nickel is consistently present in animal tissue in-
cluding the newborn human (Schroeder et al., 1962); it
activates varlious enzyme systems in vitro, including arginase
(Hellerman and Perkins, 1935); and nickel is present in
ribonucleic acids from various sources (Wacker and vallee,

1959a; 1959b). Nickel is also reported to be greatly

elevated in the serum of patients suffering from myocardial




infarction (D'Alonzo and rell, 1963). However, a nickel de-
ficiency in animals or man has not yet been reported.

For an element to be considered essential, Underwood
(1962) has suggested that the following criteria must be met:

(1) Lack of the element results in a state of
deficiency.

(2) Supplementation of the element results in a reversal
of the deficliency which may be accompanied by a
growth response.,

(3) A correlation between the deficiency symptoms and
subnormal levels in blood or tissues in some
Instances.

At present several trace elements are classified as
toxic and have not yet been demonstrated to be essential.
However, as was the case with selenium, the toxic properties
of an element are often recognized prior to proof of its
essentiality.

Based on the indirect evidence of a physiological func-
tion for nickel, research concerned with elucidating such a
function was considered worthy of pursuit. The Japanese
quail was chosen as the experimental animal, and attempts
were made to produce a state of deficiency and to demonstrate

& role for nickel as an in vivo enzyme activator.




I1I. REVIEW OF LITERATURE

Nickel

lilckel as a toxic element

Long tefore selenium was found to he an essential
element in nutrition, the adverse effects of ingestion of
excess selenium had been reported (Potter and iZlvehjem, 1937).
Although fluorine has not been definitely established as an
essential nutrient, fluorosis was recognized as a problem
before observations were reported that fluorine, at least
under certain conditions, also exhibits beneficial effects
(Cass, 1961; Davis, 1961).

So it must be with nickel. At present no biological
function has been demonstrated for nickel. However, the
toxic effects of excess nickel have been recognized at least
Since the reports of Laborde and Riche (1888) and of
Lehmann (1908). These workers reported that oral ingestion
Of inorganic nickel salts over long periods of time by
g&ulinea pigs, rabbits, dogs and cats did not produce toxic
effects, while subcutaneous or intravenous injections pro-
duced toxic manifestations.

More recently, Arnold (1939) found no evidence of

nickel toxicity when young rats orally ingested amounts of



nickel pectinate varying froa 98.4 to 1256.0 mxz per kg of
body weight over an 8 week experimental period. Io
detectable differences in weight gain between the nickel
pectinate treated group and the controls were observed, and
no pathological lesions were found at necrovsy.

Nickel, at the level of 5 ppm in the drinking water,
was found to have no effect on the growth and survival of
mice up to 18 months of age (Schroeder et al., 1963). In a
follow-up article, the same authors (Schroeder et al., 196%4)
reported on the effects of the continued ingestion of 5 ppm
of nickel in the drinking water of the same mice until all
had died. The total elapsed time was 36 months. They re-~
ported that nickel was not carcinogenic at the level used
and, in fact, reduced the number of tumors observed in 473
nickel-supplemented mice as cowmvared with controls. However,
they reported a decreased survival rate beyond 18 months of
age for the group given nickel and concluded that nickel
Seems to have an innate toxicity of an undefined nature,
expressed by lessened male survival. No accumulation of
nickel was observed in the tissues of the mice over their
life time.

Using weanling mice, fed much higher levels of nickel
as the acetate salt for a period of 4 weeks, Weber and Reid
(1969) found that 1600 ppm of supplemental nickel in the

diet significantly reduced growth rate of male mice; but no

a1l e ——
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such reduction was observed at a level of 1100 ppm. A
significant growth reduction at both levels was noted in

female mice. The amount of nickel consumed by the female

mice was slightly less at the 1100 ppm level and about equal

;-!"‘ -

at the 1600 ppm level to the amount consumed by the males.
These results suggest that growing female mice have less
tolerance to high levels of nickel than do males. Nickel

supplementation resulted in no marked changes 1in apparent

digestibility of either energy, fat or protein and no
apparent changes in bone metabollism as measured by bone
calcium, phosphorus and citrate levels. Enzyme activity
studies indicated that nickel exerts its influence in the
kidney and liver where the element 1is known to accumulate,
and, while nickel did not appear to affect the activity of
any given enzyme, it did decrease the overall activity of
both the Kreb's cycle and the electron transport system.

The same authors also reported that the high levels of
nickel had no effect on mature body weights or on conception
rate., The average number of pups born was not significantly
decreased with increasing dietary levels of nickel. However,
the average number of pups weaned was significantly decreased
in animals receiving 1600 ppm of dietary nickel as compared
to those receiving 1100 ppm of dietary nickel or a basal

diet containing no additional nickel.



Nickel toxicity in the growiny chick was demonstrated
by Weber and feid (1%68) by including from O to 1300 ppm of

su pplemental nickel as tne acetate or sulfate salt. o

dif ferences in growth rates were reported in chicks fed the

two forms of nickel. As the birds ingested increasing b

amounts of nickel, welirht gain decreased as dietary nickel

increased, and this effect of nickel was thought to be in

add ition to its effect in reducing feed consumption. How-

eVvVerxr , when feed intake was equalized in a subsequent study

by paired feeding, no significant effect of dietary nickel
OMr1 the growth rate of chicks to 4 weeks of age was observed.

The two highest levels of nickel supplementation decreased

13t rogen retention in both studies.
Nickel toxicity has also been reported in the bovine

(O'Dpe11 et al., 1970). Supplemental nickel as the carbonate,

AT 1 evels of 0, 2.5, 250 and 1000 ppm was given in the
At ion of male calves for a period of § weeks - from 12 to 20

Weeks of age. Growth rate was not affected by the 62.5 ppm

leVel while slizht growth retardation occurred at the 250

P om level, At the 1000 ppm level, growth was arrested and

feed consumption markedly decreased. However, the animals
whlch received this higher level did not appear starved nor
Were they letharzic. The general appearance was that of a
younger animal. Histopathological examination of selected

t s
S sues revealed no abnormality associated with the feeding



of nickel. When supplemental nickel was removed from the

diet, growth rates were conparavle for those formerly given

O and 1000 ppm nickel indicating the transitory nature of

the growth retardation seen with hish levels of nickel

ail

supplementation.

- -

The toxic effects of excess nickel and cobalt were ob-

Serwved by Griffith et al. (1942) to be less severe as the

DbProtein content of the diet was increased from 10 to 25 percent

g e e b

and were less severe on the low protein diet if supoplemental
Sl £y anino aciis were also added. Cysteine was miuch more
€T fective than cystine or methionine. The authors postulated
the Tormation of a detoxification complex between the metals
a1d  sylfur containing compounds such as cysteine, glutathione
ang homocystine in the body. They postulated that the main
ST fect of cobalt poisoning 1s the result of binding of
Sul Thydryl compounds in the tissues and interference with
ce:L'-’Lu].ar oxlidation due to the formation of such complexes,
With glutathione for instance, may be the stimulus to the
1fl'533118.1:opoietic system which causes cobalt polycythemia. Pre-
S1"131&’-7:3?L)r the same type of mechanism could be responsible for
the adverse effects seen when high levels of nickel are

1ngested.

Nickel as a carcinocen

Closely related to the toxic effects of nickel is its
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apparent ability to cause carcinoma of the respiratory tract.
This 1is especilally prevalent in miners who are in constant
contact with air containing nickel and nickel compounds.
Among workers in the nickel refineries of South Wales prior
to 1924, the incidence of lung cancer was reported to be
five times, and cancer of the nose to be 150 times, the
normal rate (Doll, 1958). The causative factor was thought
to e nickel carbonyl (Ni(CO),). Carcinoma of the respiratory
bPassages was observed after approximately 25 years of exposure
to riickel in nickel miners in England (Kincaid, 1956).
Wickel carbonyl has been iumplicated as a pulmonary
carc inogen in tobacco smoke. In 1957, Sunderman et al. demon-
Stra t ed that rats inhaling small amounts of nickel carbonyl,
€qu ilwvalent to 1930 mg of nickel, developed extensive
SQuamous metaplasia of the bronchial epithelium. Six brands
©f cigarettes analyzed by Sunderman and Sunderman (1961) were
founa to contain an averasge of 1.99 ug of nickel per cigarette.
They Analyzed the smoke given off bty a burning cigarette for
carbon monoxide and found the smoke to contain five to seven
Percent carbon monoxide. Carbon monoxide and nickel or
nickel containing compounds will readily unite at the
tempel“elture of a burning cigarette to form nickel carbonyl.
Based On the nickel content of cigarettes and the amount of
carborl monoxide formed in the burning of the tobacco, these

wor
kers estimated that a person smoking two to three packs

R
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of cigarettes per day would inhale approximately 5400 ug of

nickel in one year, assuming that all of the smoke was in-

This amount of nickel would be atout three times the

hal ed.
obs erved carcinogenic level for rats. Cigarette smoke con-

tains about 140 ppb of nickel carbonyl while the maximum

amount considered safe in air has been estimated by the

Amexr ican Conference of Governmental Industrial Hysienlists

(1957) to be one ppb.
In further studies on the carcinogenic effects of

nickel carbonyl, Hackett and Sunderman (1967) parenterally

adm irnistered nickel carbonyl. guantitative doses could

more<e easily be given by injection and this method was less

haza xdous to the researchers. They reported LDjO values for

rats of 2.2 0.1, 2.1 T 0.4 and 1.3 ¥ 0.1 ug of nickel per
100 & or body weight for intravenous, subcutaneous and intra-
bPeriltoneal injections, respectively, and that the pulmonary

parel’lchyma appeared to be the target tissue of nickel carbonyl

I'e&‘al‘dless of the route of administration. Increased mitotic

acti~ 1ty of the alveolar lining cells was noted.

It has been suggested that the toxicity of nickel
carbonyl does not indicate toxicity of nickel per se, as
°ther Imetal carbonyls, including iron carbonyl, are toxic
(Sehr o gger et al., 1962).

In contrast to the increased mitotic activity observed

by
Ha o kett and Sunderman (1967), Swierenga and Basrur (1968)
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have reported a marked decrease in the mitotic index of rat

embryo muscle cells cultured on a medium with a nickel con-

centration of 1 ug of nickel per ml of culture medium., In

add ition to a decreased mitotic index, cultures of all ages

when exposed to a nickel-containing medium exhibitied a

large percentage of pyknotic nuclei, with a majority of such

aff"fected cells at some stage of mitosis. They concluded that

the occurrence of a percentage of abtnormal mitotic figures
exXh i biting multipolar spindles, altered polarity and unequal

Segxregation of nuclear and cytoplasmic material suggests

that the carcinogenic effect of nickel may be involved with

the spindle mechanisms within the cell.

The exact mechanism by which nickel produces cancer has

Nnot Toeen elucidated, but Weisburger et al. (1963) believes

that the presence of large amounts of ions capable of being

chelated leads to an imbalance in some crucial process.

Ilickel in soil and plants

The presence of nickel in the earth's crust was dis-

CoOvereag by Mokragnatz (1922). Since this discovery, numerous

atte’mp‘ts have been made to determine the nickel concentration
of the soll and of the plants grown thereon.

A nickel concentration of 3.9 ppa was found in soil
from k{entucky by lkcHargue (1925) and a nickel concentration

of
3.9 ppa was found in soybeans grown on the soil. A soil
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concentration of 22 to 66 ppm of nickel has been revorted by

Hunter and Vergnano (1652) for soils in Scotland. An

average concentration of 20 ppan of nickel was found by

Painter et al. (1953) for soils of New Jersey. The same

wor kers reported higher nickel concentrations in coastal

soills indicating that the nickel apparently was carried down-

ward by drainage waters, or inward from the sea by the winds.

Thus , it is gquite evident that ths nickel content of the

Ssoil wvaries from point to point on the earth's surface.

The nickel content of plants 1s dependent upon the

Spec iles of the plant, part of the plant, stage of maturity,

niclktel content of the soil and soil acidity (iitchell, 1945).

Plarnts normally have a hirher nickel concentration than

animals (Schroeder, 1956). Concentrations of nickel in

Var i ous plant species as reported by Schroeder et al. (1962)

ineclude: oats, 2.6 ppm; corn, 0.70 ppm; rice, 0.70 ppm; raw

7,

Potatoes, 0.56 ppm; cocoa, 5.00 ppm and tea, 7.60 ppm. The

1eaves of plants contain more nickel than the stems, the
youn&‘er parts of the plant more than the older parts, ani
the &EX ain contains more nickel than the straw (Hunter and
Verana yo, 1952).

A decrease in the nickel content of grasses with ad-
Vancing maturity has been reported by kKirchgessner (1965).
He TS ported a decrease of the nickel concentration to only

abo
ut oo percent of the level present at the time the first

b —— e -
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shoots appeared.

Numerous reports have appeared indicating that availlable,
or eXchangeable, nickel in the soil is favored by a low pH
and that linminzg of the soil, with the resultant increase in
pid, decreases the amount of exchangeatle nickel (Hunter and i
Versnano, 1352). There may be little correlation between .
soil 1levels of nickel and nickel levels of plants grown there- 1
on if the pH is alkaline (fainter et al., 1953). The same
auth ors indicate that a concentration of 40 to 60 ppm of 1_
niclkel in certain plants 1is toxic to the plants. An inhibition
of p1ant growth by high concentrations of availabtle nickel in
the so01l was suggested by Kitchell (1945), and he indicated

that the problem could be alleviated by limine of the soil,

MNickel in animal tissues

The relative lack of data available prior to 1940 on
tissue concentration of nickel, prompted Herring et al. (1960)
to COnclude that not enough data were available to be able
to State "normal" values with certainty. In fact, the
failllre of Herring et al. (1960) to find nickel in the plasma
and SXythrocytes from all subjects was regarded by them as
evide1’1c:e against the existence of a physiological function
for £ is element.

I f an element has a physiological function, it stands
to Tea son that it should be present in the newborn. The

fi
Tst Treport of nickel in the newborn was made in 1333 by
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rusoff and Gaddum who detected the presence of nickel in the
newborn rat. Since then, Leonov (19¢0) and Schroeder et al.
(1962) have detected nickel in human fetuses and newborn.
The distribution of nickel in the various tissues of the

animal body has received considerable attention. Using

rad jioactive 63211012 dissolved in saline and injected intra-
pexr itoneally, Wase et al. (1954) studied the distribution of
631\T1 in the tissues of the mouse. They related that the
max 3 mum uptake of injected 63;\!1 was achieved in two to twelve
hourxr s and that the kidney, lung and plasma contained high
conc entrations of 63]&1. with brain and muscle containing the

63

least. They also noted the rapid disappearance of i from
all +tissues except the lungs and brain. No values were given
as T o the absolute concentration of 63Ni in the tissues.

The relative absence of nickel in most animal products
&S compared to vegetable products was reported by Schroeder
&t 21 . (1962). Tissue values for nickel concentration in
Dice, after their entire life had been spent exposed to
drinic ing water containing either 5 ppm nickel or no additional
nic"]"‘[el , revealed that nickel has a predilection for spleen
and heart, with 1little tendency to accumulate in other

o
T&ans in amounts much greater than the controls (Schroeder

et
—= 21, 1964). The tissue values obtained are shown in

tabl s 4

| e i bt b
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TABLI I. O0XGAN COHUCIZNTRATIONS OF WICEHZL Il HICE (ug/sz Wet Wtl))

Organ -8 +11109C
Kidney 0.50 0.99
Liver 0.49 0.77
Heart 0.30 0.90
Lung 0.41 0.86
Spleen 0.39 3.39

aBa.sa.l diet contained 0.40 ppm nickel.
’05 ppn of nickel supplied in the water as nickelous acetate,

The predilection of nickel for the spleen and heart was
als o found in the rat where generally higher concentrations
wer e found than in mice receiving identical concentrations of
nic kel in the diet and water supply (Schroeder et al., 1967).

The nickel concentration of the various tissues has been
hi&‘hly correlated with the btlood volume perfusing the tissues
at O.25, 2, 6 and 16 hours following a single injection of
63Ni (Smith and Hackley, 1968). The kidney was the only
OTrzan with significant amounts of 63Ni 72 hours followingz an
Intra~renous injection of either 2.5 or 5.0 uC of ©3Ni. All
°f the 63Ni activity in the blood could be accounted for by
the R ctivity in the plasma. A direct count of the washed
erytl"lI‘ocytes showed no detectable 63Ni. This is in contrast
to the data of Wase et al. (1954) who found an increasing
PeYCemn tage of the 311 activity of the blood of mice in the

er
ythl‘ocytes with increasing post-injection time. However,

-——p -

| e e e e



15
<531Ji did not accumulate in the blood cells as has been re-
ported for zinc (Robertson and Burns, 1963), selenium
(3urke et al., 1967) and chromium (Gray and Sterlinz, 1950).
Nickel activity was found in the erythrocytes of rat
blood following an LD50 dose injection of radioactive nickel
carbonyl into the saphenous vein or administration by inhala-
tion of a LD5O dose (Sunderman and Selin, 1968). The LD5O
dose amounted to 2.2 mg of nickel per 100 g of body weight
for +the injected dose and 0.20 mg nickel per liter of air when
Inhaled for a period of 15 minutes. No absolute values for
Nickel concentration of tissues were given but muscle plus
fat contained 7.3, bone plus connective tissue 5.5, viscera
Plus vlood 4.7 and brain plus spinal cord 0.2 percent of the
Injected dose after 24 hours. The remainder of the dose was
fXCxreted. The 63N1 activity present in the erythrocytes one
hour post-injection accounted for 48.1 percent of the
8CT i+ ity of the whole blood. After six hours the activity
°f the erythrocytes accounted for only 8.4 percent, with the
tra&lslocation of 63Ni from the erythrocytes to the plasma
COrrelated with the disappearance of nickel carbonyl from the
bl‘DOd. Measurements were made of the distribution of the
Injected dose in the serum six hours after injection, and
80-5 percent of the total serum 63Ni was bound to serum

protein. Of that bound to the serum proteins, 88.1 percent
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was bound to albumin and the remainder (11.9 percent) was
presumed to be bound to the globulins. The latter figure
was believed to be in error due to the tailings of the
albuimin fraction in the electrophoretic separation.

In an earlier report, Sunderman (1964) reported that 72
percent of the nickel remaining in the lungs following in-
halation of nickel cartonyl was bound to macromolecules and
could not be separated by dialysis.

Other reports concerned principally with the concentra-
tionn of nickel in the blood have appeared. A range of 5.3
to 6.2 ug of nickel per 100 ml of human blood was reported
by Butt et al. (1962), and an average value of 3.0 uz of
Nlckel per 100 ml of human blood was given by Imbtus et al.
(1S;éﬁ3). A positive correlation between increased serum
nl(l}ie& concentration and the occurrence of myocardial in-
farction has been observed (D'Alonzo and Fell, 1963). They
SUZ& g est that high serum nickel levels are associated with
infarction but not with other manifestations of coronary
heaﬁ?t disease, but they could not determine if the high
levels of serum nickel were a consequence of infarction or

Whetper they were involved in the processes that led to
Infarction. If the latter is found to be true, they susgest
that increased serum nickel can be used as a diagnostic

Indicator of acute myocardial infarction, and if nickel is

T A e s g Y =
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the cause, treatment with a chelating agent to reduce serum
levels micht be feasible.

The fulfillment of any potential requirement for
nickel by the newborn mammal would depend upon a body reserve
already present at birth or upon the nickel content of milk.
Cow?! = milk was found to be free of nickel, even when 145 mg
of el emental nickel were fed per day for two months (Archi-
bald, 1949), and Archibald concluded that any nickel found
In m3ilk would be due to contamination from equipment used in
harui].ing the milk. Recent workers have shown that nickel 1is
Present in detectable amounts in milk from humans and cows
(LEHDrlov. 1958; Marano and Rainone, 1959; Tokovoi and Lapshina,
1962 ; stoobun et al., 1962). The amount of nickel found was
hj@§flest in the colostrum and gradually decreased as lactation

progressed; however, no concentrations were given.

Excretion of nickel

In one of the earliest reports on nickel excretion,
Fling and Imouge (1928) determined that 98.5 to 99 percent of
the nickel consumed in foods was excreted in the feces.,
Ca-‘-ljolle (1937) found significant amounts of nickel in the
bile of dogs following an injection of nickel chloride.

Fecal nickel excretion was found to be maximal in the first
eight hours and urinary excretion maximal during the first four

hours after an intraperitoneal injection of 1 uC of 63N1012,




d issolved in saline (wase et al., 1954%). Total fecal ex-
cretion greatly exceeded total urinary excretion. JSxcretion
studies on growing pigs indicated that 94 to 96 percent of
an oral dose of nickel was excreted in the feces and 4 to 6
percent in the urine (xirchgessner, 1365). Following an
intravenous injection of 63NiClZ. over 60 percent of the in-
Jected dose was excreted in the urine within 72 hours and
less than 6 percent excreted in the feces during the same
Period (smith and Hackley, 1968). Urinary excretion peaked
tWOo hours and fecal excretion eight hours following the in-
Ject ion.

The excretion of 63N1 following an intravenous injection
of c’>3I\11(CO)L‘, was studied by Sunderman and Selin (1968). Four
day s after the injection, urinary excretion amounted to 31.2
Pe€rcent and fecal excretion 2.4 percent of the injected dose.
Bil—ifary excretion during the first six hours after injection
avwalﬁaged only 0.2 percent; no further measurements were made
°n the biliary route. The major excretory route for in-

Jecteq 63Ni(CO)u was found to be through the lungs. During
the‘Af‘irst: six hours after the injection, 38.4 percent of the
N1 was exhaled. No O3Ni was detected in the breath after
S1X hours. Nickel carbonyl was determined to be the exhaled
form, The same workers recovered 81..4 percent of an injected
dose of 63NiCl2 in the urine and 3 percent in the feces

Wwithin four days following the injection.
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From the results reported, it is apvarent that the
route of nickel excretion is dependent upon the route of ad-
ministration and, to some extent, upon the form of nickel
administered. The majority of orally administered nickel
appears in the feces as it 1s mostly unabsorbed; the major
port ion of an injected dose appears in the urine. When
nickel is administered as the carbonyl, the lungs can be
eXpected to play a major role in the excretion of nickel.
The Jarge percentage of an oral dose that is excreted in the
feces and the much higher oral intakes required to produce a
niCl(e].toxicity imply that there is a mechanism limiting

Intestinal absorption as postulated by Schroesder (1962).

svidence of a physiolosical role for nickel.

Nickel has been implicated in a number of physiological
Toles throughout the years. Some of the postulated roles
ha“’EE been definitely disproven and some have not been
Stlld.ied adequately enough for any definite conclusions.

One of the first reports of a possible role for nickel
in the animal body was published by Bertrand (1925). In his
Studies he found appreciable amounts of nickel in insulin
and suggested that a proinsulin may be converted to insulin
©Y nickel.

In the 1930's, several reports appeared which attempted

to implicate nickel as an element necessary for the preven-

tion of anemia. Nickel was reported to have a marked

5 —— R
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ery thropoietic action when fed in daily doses of 0.05 mg to
rats receiving diets adequate in iron content (Myers and
Beard, 1931). Copper was found to be more effective, but
Myers and BReard concluded that copper was not specific as a
supplement to iron for the prevention and cure of nutritional
anem jia., Reports by Keil and Nelson (1931) and by Underhill
et al. (1931) established that there was a specific need for
cCopper in the prevention of anemia and that this need could
not Te met by nickel.

Nickel has been reported to preserve the activity of the
accel erator-globulin involved in the blood clotting mechanism
(Leikin and Bessman, 1956), and Herring et al. (1960) re-
POrt ed that nickel may affect the clotting mechanism by
Stabilizing the labile factor.

One of the most potentially significant roles for nickel
8Tl s es from the work of Wacker and Vallee (1959%9a, 1959b) who
determined that nickel, along with several other elements,
WAS  found in all samples of ribonucleic acid (RNA) analyzed.

A Constant ratio of the sum of all the metals which were
follnd in RNA to the number of phosphate groups of the RIA's
from the various sources was found to be 2.2 x 10~° gram atoms
Of total metals per mole of RULA phosphorus, Therefore, not
all phosphate groups are saturated. The ratio was found to

be somewhat higher in rabbit reticulocyte RNA and somewhat
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lower in calf thymus RNA. Deoxyribonucleic acid (DMNA) from
the same sources contained lesser amounts of nickel.

The nickel content of RNA isolated from several sources

is &iven in table 2.

TARLL= 2, OCCURRENCZ OF WICKSL IN RNA ISOLATED FROIl VARIOUS

50URCLS i

Source Nickel (ng/g RVA) &

Cal f pancreas 130 L

(sSRNA) calf pancreas? 18 t
Calf thymus 74
Horse kidney Ly
Rabbit reticulocyte 51
Suzlena gracilis 60
Rat 1iver 64

a\
S©luble RNA isolated from supernatant of pancreas.

The metals found in RNA were firmly bound, as dialysis
882 3inst metal-free water did not remove the metals., Some of
the metals were partially or completely removed by dialysis
83& inst various chelating agents. The authors concluded that
Detals may play a role in the maintenance of configuration of
the RNA molecule, perhaps linking purine or pyrimidine bases,
Or ‘voth, through covalent bonds possibly involving nitrogen
atoms or 71 electrons of the bases. As they play a role in

RNA, metals may bear a functional relationship to protein
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synthesis and the transmission of genetic information. In an

attempt to determine the effect of nickel on the incorpora-

tion of amino acids into vrotein in the lens of the eye,

Devi and Banerjie (1965) found protein synthesis to be

completely inhibited by nickel. Concentrations of 48 ug of

'_1‘.

nickel per gram of rat lung RUA and 29 ug of nickel per gram

of rat liver RNA have been reported by Sunderman (1963).

ir e maa

Both of these values are well within the range of values

reported by Wacker and Vvallee (1959b). The binding of 63Ni i
to RNA in rat liver and lunz following an injection of
631\Ii(co)u has been observed (Sunderman and Selin, 1968).

A more recent study conducted by Smith and Hackley (1968)
Tevealed no significant correlation between the RNA content
Of sSelected tissues and the distribution of 63Ni in these
tis Sues., This does not conflict with the work of Wacker and
Valj ee (1959a, 1959b) as they gave no definite ratio between
NMlckel and INA, but rather a definite and constant ratio
betWeen the sum of all the metals present and RNA.

Nickel has bteen shown to strongly inhibit ribonuclease

(Lay ang Wang, 1964) and Kaindl and Altmann (1964) have
Su%‘gested that at least one of the possible functions of
tI‘ace elements in RNA is to stabilize it against the action
Of ribonuclease. Nickel carbonyl has been found to be an
Inhibitor of DNA dependent RNA polymerase activity in

hepatic nucleil following an intravenous injection of 2.2 mg
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of nickel (as the carbonyl) per 100 < of body weight
(Sunderman and isfahani, 196&). The inhibition of the in-
corporation of 1LLC-orotio acid into RNA of rat liver follow-
ing an injection of nickel carbonyl was reported by Reach
and Sunderman (1969). A possible role for nickel in main-
taining the conformation of ribosomes has been reported by
Tal (1969). The implication of such a finding with respect
to protein synthesis is quite evident.

One of the first reports of what was thought to be a
response to nickel supplementation in an intact animal
appeared in 1937 (Dixon, 1937). He found that dietary
nickel (0.16 mg per week) plus dietary cobalt supplementation
to sheep gave a greater growth response than cobalt alone
(0.8 mg cobalt per week). The nickel source was stated to
be cobalt-free so that the response supposedly was not due
to additional cobalt supplied by the nickel supplement,
Cobalt-free nickel is difficult to prepare, and quite
possibly the nickel source was contaminated with cobalt.

Io {1945) concluded that nickel has a physiological role
in promoting both carotene and citrin formation in plant
metabolism,

The first report indicating that nickel might be of
importance 1in increasing crop yield was published by Roach
and Barclay (1946) who found an increase in yield of wheat,

potatoes and broad beans which had teen sprayed with a
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nickel solution. The nickel concentration of the solution
was not given.

Cne of the most interesting roles postulated for nickel
is its possible involvement in the pigmentation process.

The in vitro ability of nickel to replace copper in the
enzyme polyphenol oxidase (tyrosinase) has been demonstrated
(Kertesz, 1951). On the basis of the strong affinities of
melanin and its precursors for metals, Kikkawa et al. (1955)
proposed that color devends upon specific genes which control
the metals found in melanin. They reported that black rabbit
hair contained cobalt, copper and nickel; yellow hair con-
tained titanium, molybdenum and nickel; and white hair con-
tained only nickel. Furthermore, the addition of titanium

to melanin precursors produced yellow pigment; the addition
of molybdenum produced red; and the addition of nickel pro-
duced white pigment. Similar relationships were also ob-
served in analyses of fish skin, bird feathers, moth wings,
guinea pig hair and human hair.

This possible relationship between nickel and hair color
has been carried a step further by Abe (1956) who reported
that the absorption of metals in various organs was found
to depend on the hair colors of the mice used. He reported
that more cobalt was taken into the bodies of black mice
than of white mice, and that more nickel was absorbed by the

white mouse. Future work with this possible role for nickel
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should prove gquite interesting.

The possibility that nickel, in addition to iodine, is
necessary for the prevention of endemic goliter has been re-
ported by Lyaonau (1960). lNickel, together with copper,
cobalt, iron and manpganese, is believed to contribute to the
assimilation of iodine (Savchenko, 1964),.

A possible involvement of nickel as a causative factor
of bloat in ruminants has been reported by Harris and Sebba
(1965). 1In their studies on the in vitro foam-forming
tendencies of lucerne, they observed a greater stability of
the foam when nickel was added. The foam-forming tendenciles
of aged lucerne solutions decreased, and Harris and Sebba
concluded that the nickel in fresh lucerne appeared to be
avallable for attachment to the protein while in aged
lucerne, although nickel was still present, it was no longer
in an available form. The significance of nickel, or other
metals, 1n the cause of bloat 1in vivo has not been determined.

Nickel has been postulated to interfere with the active
transport of specific sugars into yeast cells (Rothstein and
Steveninck, 1966). They believe the transpvort to occur by
the interaction of the sugar with the phosphoryl sites of
the membrane carrier. This complex (carrier-phosphoryl suszar)
is then translocated to the site of the glycolytic system

where the phosphoryl group is transferred to the sugar
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phosphate, which proceeds through the glycolytic schene
ultimately to carbon dioxide and alcohol. The carrier 1is
released to the outer surface and the phosphoryl sites are
regenerated presumably by the adenosine triphosphate (ATE)
produced in the glycolytic chain. The nickelous ion is be-
lieved to interfere with the active transport bty combining
with the phosphoryl sites and thereby reducing or virtually
eliminating the transfer of phosohate to the carrier. No
phosphoryl sites can be regenerated, and the phosphoryl sites
already present are used to transport glucose and to phos=-
phorylate glucose. Once all of the phosphoryl sites have
been used in the transport process, the active transport must
stop. Illence, the presence of nickel ultimately results in
the stoppage of active transport of glucose by the yeast cell.

Nickel, at the level of 5 ppm in the drinking water for
rats, has been reported to affect the serum cholesterol level
(Schroeder, 1968). Nickel nonsignificantly decreased serum
cholesterol levels in males and significantly decreased serum
cholesterol levels in female rats. Chromium and niobium had
similar effects to those of nickel while increased serum
cholesterol levels were assocliated with the 10 other metals
tested.

Nickel has been shown to activate a number of enzymes,
to have no effect on some and to inhibit others when added

to in vitro enzyme systems. Since most of the biologically



active metals usually exert their effects through enzyme
systems (Herring et al., 1960), any study concerned with es-
tablishing a physiological role for a metal should at least
consider the role of that element as a potential enzyme
activator. In this respect, Hellerman and Perkins (1935)
determined that nickel, cobalt, manganese and iron (ferrous)
could act as in vitro activators for the urea cycle enzyne,
arginase. They observed that an arginase preparation would
deteriorate with age if unactivated, but would remain active
for months 1if activated with metal ions, and they suggested
that a coordination complex between the metal and enzyme
may be responsible for the metal ion activation of arginase.
Nickel has also been shown to activate trypsin (Sugai,
1944), oxalacetic carboxylase (3peck, 1949), enolase (wold
and Rallou, 1957), carboxypeptidase (Coleman and Vallee,
1960), wheat root phosphodiesterase (Ibuki et al., 1964) and
acetyl coenzyme A synthetase (Webster, 1965). The latter
enzyme appeared to have a doutle requirement for activating,
divalent cations. A specific block in the alcohol dehydro-
genase reaction leading to a partial inhibition of fermenta-
tion was observed in yeast cells exposed to a nickel contain-
ing medium (Fuhrmann and Rothstein, 196E€). As pointed out
earlier, nickel was shown by Liu and Wang (1964) to inhibit

ribonuclease,
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The possibility that nickel may be a biologically
important metal has attracted the attention of Smith (19&8)
and of Nielsen (1970). The former worker fed a purified
diet consisting of dried skim milk, sucrose, corn oil and
supplemental minerals and vitamins to growing rats housed
in isolators, for a period of 55 days. The nickel content
of the diet was assayed to be 0.08 ppm. No significant
difference in growth rates were observed before or after
intraperitoneal injections of 70 ug of nickel per day.

Since environmental contamination could be virtually ruled
out, Smith concluded that, if nickel is required by the rat,
the dietary requirsment is less than £0 ppu.

The work reported by Nielson (197C) involved the feeding
of purifled diets to growing chickens. The chicks were
maintained in an all-plastic, controlled environment and fed
a diet containing 79 ppb nickel in 2 trials and a diet con-
taining less than 40 ppb nickel in a third trial. Control
chicks received the same diets supplemented with 3 to 5 ppm
of nickel., 1In all trials, the chicks receiving the un-
supplemented diets developed a slight thickening of the long
leg bone and a slightly enlarged back, and seemed to walk
with an abnormal gait. The length to width ratio of the
tiblas from the unsupplemented group was significantly de-

creased, and the leg color was bright orange-yellow instead
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of pale yellow-brown. All of the observed changes were re-

ported to be prevented by dietary nickel supplementation.

i
.2
@] s
‘11, an incrsased

Following oral administration of 25 _.uC of

retention of the isotope after six hours was observed in the

unsupplemented grouns. The author concluded that nickel may

have an important physiological role in the growing chicken.
A requirement of 1 mg of nickel per day has been re-

ported for a 40 kg castrated Kirgiz fine-wooled ram (Odynets

and lambetov, 1962). No further explanation was given.

Analytical technigques for nickel

Atomic absorption spectrometry is currently the most
sensitive method of determining nickel in biological
materials (Sprague and Slavin, 1964; Sunderman, 1965;
Takeuckil et al., 196&; Mulford, 1960; Zrooks et al., 1967;
and Sachdev et al., 1967).

In cases where the nickxel concentration of samples is
too low to permit a direct measurement of the nickel content,
a concentrating procedure, solvent extraction, is used to
enable an accurate assay (Lockyer et al., 1961; Sprague and
Slavin, 1964; Takeucki et al., 1966; and Nulford, 1966). In
solvent extraction, two immiscible ligquids are brought into
contact to effect the transfer of one or more elements from

one liquid phase to the other. In the usual case, one phase

is an aqueous solution of the sample, and the other is an
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immiscible orsanic solvenrt. retal salts, teing lonized, ars
usually much more soluble in agueous media than in organric
solvents, and to ertract a metal into an orcanic solvent,

the metal ion must be converted to an uncharged snecies,

This 1is easy to accomplish as most metals form stable, neutral
and extractable compleves with one or nore of a rsroup of
organic compounds kriown as chelatirnz asents. The solvent

used must completely dissolve the metal chelate and bte
immisciktle with the sawple solution, and, in ajddition, should
burn with a clear, steacy flane. #0r this r=sson, esters

and ketones are extensively used as the orrznic phase.

Solvent extraction can be used to eliminate interferences
which might ordinarily arise from the sanple matrix, and can
be used when the saample size is too snall for direct aralysis.
With solvent extraction an increased simnal can be obtained
due to: (1) concentration of the netal from the aqueous

phase into a much smaller volume of organic phase, and (2) the
higher volatility of the oreganic solvent, as compared to
water, which results in a hi:her concentration of neutral

atomns in the flame (Mulford, 1206).

The pxperinental Use of Javanese @nall snd Isolators

If one hopes to estaklish an essential physiolosical

role for a trace metal, such as nicksl, in a livins macro-
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orsanicsa, the selection of that organisa is very iwmportant.

The potential of the Japancsse guail (Coturniy cotnrnix

japonica) as a pilot animal for poultry research was first
reported by Falizett anid Ivey (1359). They discussed the
gdvantages of vusing quall in place of chickens. Amonx the
advantages reported were rapid growth rate, early maturity
and short incubation period which allow for the production of
the next generation in about 10 weeks., Ffroum thelr experience
with the Jgpanese guall, radgett and Ivey (1953%) an? Howes
(1964) concluded that the coturnix must have a hizh rate of
smetabolisam due to the rapid rate of srowth and the high rate
of egs laying.

Cther advantazes which the use of Japanese gquail has over
the use of chickens are of economic importance to the re-
searcher with a limited budget, time and space (Wilson et al.,
1959; Wilson et al., 1961). wuail are much cheaper to main-
tain than chickens and 20 to 30 birds can be kept for the
same cost as one chicken (Howes and Ivey, 19€61; Howes and
Ivey, 1962). RBecause of the relatively small size of quail,
space requirements are minimal which enables the quail to be
easlily adapted to germfree experimentation (Reyniers et al.,
1960; Reyniers and Sacksteder, 1960).

A recent bulletin on the Japanese quail has been published
by the National Academy of Sciences (1969). The publication

includes information on breeding, care and management of
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quail for research parposes. i.0st of tne recommendations
included in the publication were derived from the work of the
various scientists cited earlier.

Careful management of the Japanese quail 1is very im-
portant to insure success with the bird. wmggs to be hatched
should not be stored for longer than 14 days as the hatcha-
bility decreases greatly 1f the eggs are held for a lonzer
period of time (Fadgett and Ivey, 1959; Howes, 1964)., However,
ezgs can be stored for a somewhat longer time if stored in
plastic bags (Zecher et al., 1963; Proudfoot, 1964a; Proud-
foot, 1964b). Flushing of the plastic bag with nitrogen has
been reported to increase storage time (Froudfoot, 1964b;
Proudfoot, 1965). Storage of eggs at a temperature of 13 to
16° ¢ is recommended (Howes, 1964).

Incubation should be carried out at a temperature of 37
to 38° ¢, and the eggs should be turned every 3 to 4 hours
(Howes, 1964). Fertility of the eggs collected at the start
of egg production is low, but after 50 days of production
may be as high as 85 to 90 percent (Padgett and Ivey, 1953;
doocdard et al., 1209). ~The hatchability of fertile eses 1is
00 to 70 percent (radgett and Ivey, 1959; doodard et al.,
1969). The greatest single cause of poor hatchability of
quall eggs has been reported to be dehydration as a result

of microscopic cracks in the shells which could not be de-






tected by the naked eye (Howes, 1564),

At hatching, the brooder temperature should be kept at
380 C for the first week and gradually lowered so that by
four weeks of age the birds can be kept at room temperature,
24 to 25° ¢ (Wational Academy of Sciences, 1969). The chicks
weigh an average of 5 to 6 g at hatching (Reyniers and Sack-
steder, 1960; Howes and Ivey, 1961) and it is necessary to
place a small piece of screenwire or several small pebbles
or marbles in the waterers for the first few days to prevent
drowning (Wilson et al., 1961). Average feed consumption
by growing Japanese quall, 20 to 35 days old, is about 11 g
per day (Reyniers and 3Sacksteder, 1960).

As sexual maturity approaches, a ratio of aporoximately
one male to three females has been reported to give optimal
fertility (Padgett and Ivey, 1959; Woodard and Abplanalp,
1967). The density of the mature birds has been shown to be
a factor in egg production and subsequent hatchability of
the eggs (Ernst and Coleman, 1966). They report an increased
number of cracked eggs at the higher densities studied (172
and 215 quail per square meter of floor spvace). However, they
report that no delay in sexual maturity occurred as a result
of rearing of the chicks at high density levels, since no
difference in egg production was observed in full sibs
which were raised at different densities and subsequently

placed in individual cages during the laying period. An
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earlier report by Wilson et al., (1961) indicated that de-
velopment of quail was delayed one week by crowding, while
Howes (1964) reported a depression of growth, increased
mortality and cannabalism as a result of crowding. The
National Academy of Sciences (1969) has recommended a minimum
of 84 cm® of floor space per bird (120 birds per m2) from O
to 4 weeks of age and approximately 125 cm2 per adult quail
(80 birds per mz).

Male Japanese quail weigh approximately 90 to 100 g at
120 days and females 120 to 130 g (neyniers and Sacksteder,
1960). Adult males average 100 to 140 g and adult females
110 to 160 g (Howes and Ivey, 1961). The heavier body
weight of the female has been attributed to heavier gonads,
liver and intestines (Wilson et al., 1961). The average egg
weight has been reported to be about 9 g or approximately 7
percent of the body weight of the female, and Japanese quail
require about 3 kg of feed to produce 1 kg of eggs (Wilson
et al,, 1961). The same authors report that under good en-
vironmental conditions, quall may produce double the egg mass
per unit of body weight as compared to good laying strains of
chickens. Hence, the metabolic demands for egg laying should
be exaggerated such as to allow the development of a nutri-
tional deficiency which might not arise during growth of the

quall, or might not arise at all in other species which have

lower metabolic demands at all stages of the life cycle.
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The amount and wavelength of light to which the develop-
ing quail are exposed has an influence on the development of
sexual maturity and on subsequent egg production. At least
12 to 14 hours of light per day are required to stimulate
gonadal development (Padgett and Ivey, 1959; Wilson et al.,
1962; Tanaka et al., 1965) with intermittent 12 hours of
light more effective than continuous 12 hours of light
(Wilson et al., 1962; Tanaka et al., 1965). Japanese quail
will continue to lay under continuous light (Daniels, 1968).
Growth of female quail 1is depressed by green or blue light
as compared to red or white light and testicular weights
were less for males kept under green or blue light (Woodard
et al., 1969). The same authors report that females reached
50 percent lay two weeks earlier under red or white light
than under green or blue light, and the fertility of eggs
from quail kept under blue light was lower than for birds
kept under green, red or white light. However, egcz weight,
feed conversion and hatchablility of the fertile eggs were
not affected by wavelength of light.

In most trace element research, the use of purified or
semipurified diets 1s usually dictated by the unavailability
of natural feedstuffs low in the element in question. The
first reported use of a purified diet for Japanese quall
appeared in 1964 (Fox and Harrison, 1964), and was used for

a study on zinc deficiency in quail. However, at least a
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semipurified diet was used in a preliminary study with
Japanese quall reported by Adkins et al. (1961). 1In the
study, an attempt was made to replace the casein in the diet
(20 percent) with an equivalent amount of crystalline amino
ailcds. The authors reported that this concentration of
casein and the equivalent concentration of amino acids
supported normal growth in the chicken, but depressed egg
production and caused a loss of body weight when fed to
mature quall over a period of four weeks. Low dietary pro-
tein was cited as the probable cause of the poor performance
of the quail. Purified dlets were extensively used by
Ketola (1967) in an effort to identify a growth factor in soy-
beans for the Japanese quall, and to establish requirements
for protein, energy, minerals and vitamins for the bvirds.

Undesirable effects resulted from feeding a sucrose-
base purified diet to day-old Japanese quail (Alford et al.,
1967). Water containing small quantities of dissolved
sucrose passed into the air passages of the baby quail, and
upon dehydration sucrose crystals formed in the air passages
causing asphyxia. Thils problem was not noted when the diet was
offered to two to three week 0ld quail, but poor feather
development resulted which the authors attributed to a lack
of fiber in the diet.

The performance of Japanese quall fed purified or
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commercial diets was studied by Gough et al. (1968) who re-
ported, in general, rather poor performance of birds fed the
purified diet. They observed a depression of growth rate,
feather development and feed consumption, the incidence of

a higher mortality during the first three weeks of life, de-
creased egg production and egg size with many soft-shelled
eggs, and lower fertility and hatchability for quall receiving
the purified diet.

The successful use of a purlfied diet for any species
is dependent upon a knowledge of the nutrient requirements
of that species. Very little work has been done on the
nutrient requirements of the Japanese quail, and the poor
growth and reproductive performance of quail fed purified
diets 1s undoubtedly a reflection on the lack of knowledge
in this area,

The nutrient requirements of the Japanese quail as
estimated by various workers are summarized in table 3.

A complete listing of minerals and vitamins at levels
which have been shown (Ketola, 1967) to be adequate for
growth of Japanese quail is presented in table 4,

The levels of minerals included were assumed to be ade-
quate as no growth response was observed when the levels were
doubled. A depression of growth rate was observed when
vitamin levels equal to one-half of those listed on page 38 were

fed.
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TABL® 4. LeVelS OF MINZRALS AND VITAMINS ADZGUATE FOR GROWTH
Of JAPANESZ UAIL
ltineral FPHM Vitamin PPM
Calcium 16000 A 80 (26,000 IU)
Phosphorus 9000 DB(kremix) 1320 (3960 IU)
Sodium 2600 £” (Premix) 360 (40 1U)
Fotassium 6000 Menadione Sodium 12
Chloride 5100 Bisulfite
Fagnesium 1000 Thiamine HC1l 20
manzanese 100 Riboflavin 20
zinc 80 D-Calcium
Pantothenate iy
Iron 40 Hiacin 170
Copper 5 ryridoxine iiCl 20
Iodine i #olic acid 2
.olybdenun 2 Choline Chloride 7000
Selenium 0.2 Riotin 0.44
Cobalt 0.1
1FTom Ketola, 1967.

The requirements for sodium chloride and iodine for both

the pheasant and Robwhite quaill are similar and have been re-

ported to be 0.085 percent sodium, 0.048 to 0.11 percent

chloride and not greater than 0.3 pom iodine (Scott et al.,

1960).

The sodium requirement for broiler-strain chicks

maintained on purified diets was determined to be between

0.11 and 0.13 percent (lcWard and Scott, 1961; liott and Combs,

1969).

These results indicate that the sodium, chloride

and 1odine requirements can most likely be met by the in-

clusion of 0.15 percent iodized salt (containing 0.007 percent

iodine) in the d4di

et.
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In addition to just meetinz the requirement for an ele-
nent by adding a aminizum amount of that element to the diet,
one also must be concerned with the form of the element
which 1s used. This 1is especially true for calcium and
phosphorus where the hydrous form of dicalcium phosphate has
been determined to be more avallable than the anhydrous form
(Supplee, 1962; Gillis et al., 1962; kucher et al., 1968).
nickets and high mortality were reported in poults receiving
two percent dietary calcium as the anhydrous salt whereas
poults receiving the hydrous salt showed excellent gain and
no mortality (Supplee, 1962). Tricalcium phosphate has been
reported by Gillis et al. (1902) to be less effective than
mono- or dicalcium phosphate for promoting bone calcification.
These same authors reported that the hydrous salt of dicalcium
phosphate was much more available for the poult and about
equally available for the chick as the anhydrous form.
Radioactive dicalcium phosphates were used by Rucher et al.
(1968) who reported the need for 50 percent more of the
anhydrous salt to give equivalent bone ash values in turkey
poults, but equal bone ash values were attained in chicks
given equal levels of the two forms.

There 1s a need for more research to determine the
nutrient requirements of Japanese quail, since the quail is

beling so widely used in research today.
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hesearch concerned with the possible requirement of a
micro-nutrient must necessarily be aware of the distinct
possibility of contamination of the diet and water by the
feeders and waterers. The cages, and even the air, can be
ma jor sources of the micro-nutrient in question.

To alleviate this problem, plastic and plexiglass has
been used extensively for feeders and waterers and for con-
struction of isolators to which air filters can be attached
(Trexler, 1959; Smith and Schwarz, 1967; pNertz, 1968). Plexi-
glass and certain plastics have been assayed and demonstrated
to be very low in their content of trace metals (Smith, 1968),
and the small amounts of the trace metals these materials do
contain are considered to be tightly bound and unavailable.

Thus, the conditions employed are modifications of those
used in gnotobiotic studies. If a slight positive pressure
is maintained within the 1isolator, it can be opened for
cleaning and feeding and watering of the animals without un-
due hazard of contamination (Trexler, 1959). A comparison
of the performance of rats kept in controlled and conventional
environments revealed no harmful effects on performance due
to the isolators per se (Smith, 1968).

Alr entering the 1isolator through glass fiber media
filters was determined to be free of dust particles larger

than 0.35 micron in size as well as all demonstratable



organisms, including bacteria, yeasts and molds (Smith and
Schwarz, 1967).

In addition to contamination which results from metal
cages, feeders and waterers, dietary contamination can re-
sult from the wrong choice of ingredients for use in a
purified diet. Casein 1is a major source of contaminants
since it strongly binds small amounts of metals (Smith and
Schwarz, 1967). Convenient methods for their removal do not
exist. Sucrose 1is normally a material of great purity while
starch and reagent grade chemicals are often heavily contami-
nated with the trace elements of bilological interest and may
need to be purified (Smith and Schwarz, 1967). The ingredi-
ents can be treated wlth ion exchange resins or chelating
agents in the hope that these agents have a greater affinity
for the element 1in question than has the natural ligand in
the diet (mertz, 1968). Alternatives discussed by kertz in-
clude: the growing of plants to be used for feed in hydro-
ponic cultures containing a very low concentration of the
element in question, the addition of some substance to the
diet which will react with the element under study to make
it unavailable for absorption, and/or the addition of an
excess of an element which competes with the one under
study. In the latter case, one needs to be concerned with

the possibility of adverse effects on the utilization of
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other elements in addition to the one which 1is of primary
concern,

By a proper choice of dietary ingredients, Smith (1968)

produced a skim milk diet with a lower nickel content than
a purified amino acid diet. The use of skim milk would
also reduce the amount of mineral supplementation required
and eliminate at least part of that source of contamination.

After consideration of the characteristics of the

Japanese quall as described in the research reported above,
the use of this animal in the study of a possible physiolosi-
cal role for nickel seemed highly desirable for the following
reasons:

(1) The possibility of depleting tissues of a trace
metal, by feeding purified diets, 1s generally
increased by following this practice through
successlive generations. The Japanese quail has
a very short generation time, producing the

first eggs 35 to 40 days after hatching (Wilson,
et al., 1961). Incubation requires 17 to 18

days (Howes and Ivey, 1962). A practical
generation time is, thus, not longer than 10

weeks,.

(2) This species has a very high metabolic rate which
tends to exaggerate nutrient requirements.

(3) The cost of highly purified diets per animal unit
is less than for many other species because of
the comparatively low food intake.

(4) The Japanese quail is small enough to conveniently
house in a filtered air environment.

Arzinase and Ar~inine

According to pertz (1%02), every element has the potential
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of exerting harmful or helpful effects or beling without
effect depending upon the dose and nutritional state of the
animal or system on which this dose is imposed; and any
bilological function for that element can only be assessed
after a thorough study of any deficliency symptoms produced
by an inadequate dietary supply of the element., The develop-
ment of a deficiency state 1s not necessarily the complete
lack of an element but can reflect a state of suboptimal
supply. A deficiency is recognizable by the depression of
some biological function. The function may be life itself or
growth and these two are widely used as criteria of the
exXlistence of a deficliency state. However, it 1s not always
possible to establish deficiencies which are incompatible
with life, or even normal growth. This is especially true
for trace elements with as yet undefined biological action.
Therefore, other functions must be studied which are more
sensitive to a mild deficiency. A deficiency state can
cause impairment of lipnid or protein metabolism, of membrane
transport or of any particular enzyme reaction without any
visible effect on growth or life (Mertz, 1968).

One of the functions common to most all of the biologi-
cally active trace metals 1s the specific activation of at
least one enzyme (Herring et al., 1960; 0'Dell, 1968).

Nickel has been shown by Hellerman and Ferkins (1935) to



activate arginase in vitro.

Arginase was discovered by kossel and Dankin (1904).
Early work indicated that the enzyme was concentrated pri-
marily in the liver of mammals, amphibians, fishes and the
tutrle but absent from the liver of birds and the majority
of reptiles; however, arginase was present in the kidney of
birds (Clementi, 1916, 1918, 1922). Arginase was subsequently
found in the kidneys of mammals and fishes but in amounts much
less than those present in the liver (Hunter and Dauphinee,
1924)., Arginase was subsequently found in the liver of birds
but at levels much lower than in the kidneys (idlbacher and
Adthler, 1925). The observations of Clementi (1916, 1918,
1922), Hunter and Dauphinee (1924) and rdlbacher and R¥thler
(1925) were confirmed by Chaudhuri (1927) who also noted
that arglinase was more abundant in males than females, ex-
pressed both as arginase per gram of tissue and as total
arginase per tissue. Similar reports of a sex difference for
arginase have been reported by Raldwin (1930), Wiswell (1950)
and Mandelstam and Yudkin (1952).

The function of arginase in the bird 1is not known. The
liver of birds lacks four of the enzymes involved in the
urea cycle of Krebs and Henseleit (1932) and one of the urea
cycle enzymes 1is absent from the bird kidney. Carbamyl phos-
phate synthetase 1is absent from both the liver and kidney

and, in addition, ornithine transcarbamylase, argininosuccinate
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synthetase and argininosuccinase are absent from the liver
(ramir and Ratner, 1903a, 1963b). Ornithine transcarbamylase
was not detected in any of the tissues examined by Siren
(1963). The urea cycle is thus incomplete in both organs and
cannot function in removing ammonia in birds as it can in
mammals (Fahey, 1957; Gullino et al., 1961; Goldsworthy et
al., 1968). The lack of any apparent essential function for
arginase in the bird was reported by Smith and Lewis (1963)
who concluded that high arginase activity could only increase
the dietary requirement for arginine. The main function of
arginase appears to be related to the production of ornithuric
acid, a compound which is used by the bird in detoxification
of aromatic aclds much as glycine is used in mammals (RBaldwin,
1936; Nesheim and Garlich, 1963). Ornithuric acid is re-
portedly formed in the chicken kidney but not in the liver
(McGilvery and Cohen, 1950). Addition of arginine to the
diets of chickens given 1.5 percent dietary benzoic acid con-
siderably lessened the growth depression induced by the
benzolc acid indicating that arginine was either being used
to form ornithuric acid or was acting to spare the require-
ment of some other compound (Nesheim and Garlich, 1963).
Feeding a dose of benzoic acid shortly after arginine-l-luc
had been injected into chickens led to the recovery of much

of the activity in the conjugation product of ornithuric
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acid and benzoic acid, dibenzoyl ornithine. B2ased on the
amount of activity recovered, they calculated that 40 percent
of the ingested radioactive arginine would have been required
to provide the ornithine used in the detoxification of the
benzoic acid. Essentially no radioactive dibenzoyl ornithine
was 1isolated from the urine of a group of hens given radio-
active glucose, 1Indicating that the hen does not possess a
metabolic pathway to synthesize ornithine from glucose.

Based on these results, Nesheim and Garlich (1963) concluded
that dietary arginine was probably the source of ornithine

in the fowl for conjugation with aromatic acids such as
benzoic acid, and, apparently, pathways for ornithine
syhthesis from glucose, proline (Stetten and Schoenheimer,
1944) and glutamic acid (Stetten and Schoenheimer, 1944;
Tamir and Ratner, 1963c) do not exist in the fowl as they

do in the rat and probably other mammals.

The complete lack of carbamyl phosphate synthetase in
the bird (Tamir and Ratner, 1963a; 1963b) is evident as
ornithine cannot replace arginine in the diet, whereas
citrulline can fully replace the dietary arginine (Klose
and Almquist, 1940; Tamir and datner, 1963a; 1963c; Rock,
1969). These results were demonstrated by the feeding of

radioactive precursors, Nazluco and citrulline-ureido-luc.

3
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Radloactive carbon dioxide was not incorporated into
citrulline indicating that ornithine cannot be converted

to citrulline because of the lack of carbamyl phosphate
synthetase or ornithine transcarbamylase or both. Iabeled
arginine was detected after radioactive citrulline was fed,
indicating that the enzymes necessary for 1its conversion to
arginine are present in some extra-hepatic tissue of the
bird (Tamir and Ratner, 1963b). Thus, ornithine released by
the action of arginase on arginine cannot be reutilized to
synthesize arginine in the bird as it can in mammals, and
presumably the ornithine is utilized in the formation of
ornithuric acid which is used for detoxification opurposes
(Tamir and Ratner, 1963c), as discussed earlier. The authors
concluded that arginine has become an indispensable amino
acid for birds as a result of the change in pattern of
nitrogen excretion brought about by replacing arginine
synthesis and urea excretion by purine synthesis and uric
acid excretion.

As a result of the purely degradative action which
arginase and the urea cycle as a whole appear to have on
arginine, the arginine requirement of the bird is thus
altered by any of a number of factors which alter the
activity or the absolute amount of arginase in the kidney.

The dietary protein level has been demonstrated to have
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a marked effect on arginase activity. This relation was
first recognized by Lightbody and Kleinman (1939) who re-
ported an increase in arginase activity, in the liver of rats,
with increasing dietary protein levels ranging from 6 to 75
percent. The 1increase was observed when expressed either as
actlvity per unit of liver dry weight or per unit of body
welght. No nitrogen determination was carried out on the
liver so there was no way of ascertaining whether the in-
crease in activity was due to an increase in the activity of
arginase already present or due to increased synthesis of the
enzyme,

An increase in arginase activity, related to either the
weight of the liver or to the hepatic nitrogen content, in
response to increasing protein levels in the diet of the rat
was reported by Mandelstam and Yudkin (1952). They reported
the increase in activity to have achieved 1its maximum by
three weeks, and that the arginase activity could be re-
turned to the original level by decreasing the dietary pro-
tein level to 1its original level. They suggested that the
adaptation observed was .in response to the amount of protein
being metabolized, and, hence, on the amount of urea being
produced.

Similar results were reported by Ashida and Harper

(1961) who observed increased arginase activity of rats as



50

the casein content of the diet was increased from 25 to 45
or 70 percent with the maximum increase observed after only
four days at the 45 percent casein level and after seven
days at the 70 percent level. When the casein levels were
reduced back to 25 percent, the activity of liver arginase
decreased with the rate of decrease being almost the inverse
of the rate of increase observed when the casein content
was increased. Total liver arginase was found to increase
linearly with increasing urinary excretion when the diet was
changed from 25 to 70 percent casein, indicating that arginase
activity was proportional to the extent of protein catabolism
in the body over the range of dietary protein levels studied.
The adaptation to the high protein diet involved both an in-
crease in liver size and an increase in enzyme activity.
They also suggested that the high enzyme activity observed
on the high protein was probably an adaptative response since
the enzyme activity fell sharply within one day after the
dietary protein content was lowered. An initial decrease in
growth and feed consumption for one to three days when the
protein content of the diet was increased was attributed to
the inability of the animal to metabolize excess protein
until it had undergone various adaptations, one of which is
a substantial increase in arginase activity.

An increase in arginase activity as well as an increase

in the activities of the other four urea cycle enzymes, was
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noted by Schimke (1962a) when the dietary protein level was
increased. He reported that the arginase concentration
reached a maximum in eight days and that further changes in
the liver content of the enzyme consisted in part of an in-
crease in the size of the liver and total liver nitrogen.
Maximum total arginase activity was reached after 18 days on
a high protein diet, a value very similar to that reported
by Mandelstam and Yudkin (1952). Urea excretion increased
with increasing levels of protein.

A decrease in arginase activity in rats fed a protein-
free diet was observed by Seifter et al. (1948) who reported
that the decrease was probably due to a loss of enzyme protein
per se. Arglnase activity in rats fed a protein-free diet was
observed by Rosenthal et al. (1950) to decrease at a rate
faster than total liver protein. Regeneration of arginase,
when protein is placed back in the diet, appears to lag some-
what behind the regeneration of total liver protein (Miller,
1950). A relatively constant concentration of arginase per
gram of liver was noted by Millman (1951) when a protein-
free dlet was fed to rats. However, a decrease in total
liver arginase activity, as a consequence of a decrease in
liver weight, was observed.

Increased arginase activity has been reported in fasting
dogs (Takehara, 1938) and rats (Lightbody and Xleinman, 1940).

Urea excretion on a protein-free diet is decreased as body



proteins are being conserved and another energy supply 1is
still available (Schimke, 1962b). However, urea excretion
during fasting 1is increased as proteins must be catabolized
for energy. An absolute increase of up to 300 percent in the
activities of all the urea cycle enzymes has been noted in
starved rats in which body protein is being catabolized.

This increase in activity was noted even though the total
protein content of the liver decreased, and Schimke (1962Db)
suggested that tissue protein may be broken down and re-
utilized for protein (enzyme) synthesis in the presence of
an overall negative nitrogen balance. An increase in the
activity of enzymes associated with protein degradation is,
according to Harper (1965), the only way by which carbon
skeletons can be provided for gluconeogenesis. Gluconeogenesis
is the only source of glucose for the starving animal and is
so essential for the maintenance of the nervous system that
conservation of amino acids for protein synthesls becomes
secondary.

The level of arginase activity has been determined to
follow an inverse relationship with the nutritive value of
the dietary protein (Kean, 1967). liore of the amino acids of
a high quality protein can be used for protein synthesis with
the result that less amino acids are deaminated and less

ammonia enters the urea cycle. No correlation between urea
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excretion and arginase activity was observed by Kean (1967)
who suggested that the liver normally contains such an excess
of arginase that its observed activity in vitro need not be
correlated with urea excretion. No consistent correlation
between increased urea excretion and arginase activity of rat
liver was observed by Ivao and Ashida (1957). They fed a
protein-free diet and 1% vpercent casesin and 14 percent wheat
gluten diets for a period of 11 days. Iats given the wheat
gluten diet excreted more urea as was reported by Fean (1967)
for rats receiving a poor quality protein. Increasing the
level of caseiln increased the level of urea excretion and of
arginase activity. Liver arginase activities of rats re-
ceiving wheat gluten were significantly lower than correspond-
ing values for casein-fed rats. Rats fed the protein-free
diet had values for arginase activity and urea excretion be-
low those fed the gluten diet. A decrease in the dietary
tryptophan level resulted in an increased urea excretion but
decreased arglnase activity. The authors concluded that urea
excretion and arginase activity are positively correlated
with regard to protein level, but negatively correlated with
regard to dietary protein quality. A similar relationship
between protein quality and arginase activity was reported hy
ruramatsu and lakata (1907) who fed diets devoid of one or
all of the essential amino acids to rats. A decrease was

observed 1in urea cycle enzyme activity which was greater when
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all of the essential amino aclids were omitted as compared to
the depression observed when only one was omitted.

Hormones which cause an increase in protein catabolism
also cause an increase in arginase activity (Conrat and Zvans,
1942; Freedland and Sodikxoff, 1962; Schimke, 1963). Adminis-
tration of large doses of cortisone, 25 mg per 100 g body
welilght, led to increased activities of the urea cycle enzymes
which were proportional to the increased urea excretion; and
adrenalectomy was associated with a significant decrease in
the level of arginase activity (Freedland, 1964) with less
striking effects on the other four urea cycle enzymes. In-
Jection of cortisone into an adrenalectomized animal increased
enzyme activity to the same extent as in the intact animal.
Increasing the caseln content of the diet, fed to adrenalecto-
mized rats, from 15 to 60 percent resulted in increased
levels of urea cycle enzymes in a pattern similar to that
found in the intact rat (Schimke, 1963). The author con-
cluded that corticosteroids act nonspecifically on the urea
cycle enzymes, that the enzyme levels are changed only so
much as the corticosteroids increase protein catabolism and
urea excretion and that intact adrenal glands are not re-
quired for the increase in enzyme activities produced by in-
creasing the protein content of the diet.

Dietary arginine level, as might be expected, has been

demonstrated to effect arginase activity. Increasing



increments of dietary arginine resulted in an increase 1in
arginase activity and an increase in urea excretion (zZaldwin,
1936). Ko correlation between arginase activity and dietary
arginine level in chicks was found by Smith and Lewis (1963).
However, they used only one bird per level of arginine and
reported a high variability in arginase activity, so their
results can be considered inconclusive. Supplementation of a
purified diet with 2.4 percent arginine caused an increase
in arginase activity in the kidney of the chick (0'Dell et al.,
1965), This amount of arginine was required for maximum
growth rate and, presumably, maximum induction of arginase
had occurred in all chicks but the excess of dietary arginine
was sufficient to overcome any depressing effect on growth.
The authors also reported an increase in arginase activity
in chicks given a practical diet supplemented with arginine.
A dietary deficiency of arginine results in a character-
istic enzyme response in those animals capable of synthesizing
arginine, i.e., those with a complete urea cycle. Arginine-
free diets are associated with decreased growth and slight
decreases in urea excretion and arginase activity (Schimke,
1963). At the same time, however, the activities of all of
the other urea cycle enzymes increase until enough arginine
is synthesized to permit normal growth (Schimke, 1963;
Muramatsu and MNakata, 1967).

Other amino acids have been demonstrated to have an
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effect on arginase activity when they are added 1in excess,
Arginase has been shown to be fully inhibited in vitro by
excess ornithine (cach et al., 1944; Van Slyke and Archibald,
1946), and Hunter and Downs (1945) reported ornithine to be
a potent competitive inhibitor of arginase and, in addition,
that all amino acids of the L-configuration inhibited
arginase. Intraperitioneal injection of ornithine, as well
as arginine and citrulline were without effect on any of the
urea cycle enzymes of rat liver (3chimke, 1963). ixcess
dietary levels of alanine, threonine, lysine, leucine,
histidine, tryptophan, aspartic acid and methionine exerted
no effect on urea excretion or levels of urea cycle enzymes
(Schimke, 1963).

An intraperitioneal injection of 3.0 m mole of lysine
into rats caused an inhibition of arginase which was 16.4
percent 30 minutes following the injection, reached a maximum
of 56.0 percent at 60 minutes and disappeared at 240 minutes
after the injection (Cittadini et al., 1964)., Lxcess dietary
methionine caused an increase in liver arginase of rats, but
the increase observed was probably due to the decreased feed
consumption observed when methionine was added to the diet
(Bergner et al., 1968). An inhibition of arginase in chick
kidneys has been demonstrated when 0.5 percent of o -amino-

isobutyric acid 1is included in the diet and occurred even
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when 3 percent arginine was also supplemented (Shao and
Hill, 19069).

Added lysine (0.4%), histidine (1.6%), tryosine (3.0%)
or isoleucine (2.0%) to the diet of chicks resulted in a 2-
to 4-fold increase in arginase activities and rates of urea
excretion (Austic and Nesheim, 1969a; 1969b; 1969c). They
proposed that dietary excesses of amino acids may increase
the arginine requirement of chicks by stimulating kidney
arginase with a resultant acceleration of the rate of arginine
degradation (Austic and Nesheim, 1969a). However, in another
report, Austic and Nesheim (1969b) state that the increase
in urea excretion resulting from an excess of lysine,
histidine, tyrosine or 1soleucine was equivalent to only
about 6 percent of the ingested arginine, and they suggest
that although the degradation of arginine to urea is in-
creased, this pathway may not account for the total increase
in arginine requirement resulting from excesses of dietary
amino acids.

Thus, it would appear, at least in principle, that any
dietary factor which alters the activity of arginase could
affect the arginine requirement of the bird. Arginine was
initially thought not to be a dietary essential for the
growing rat (Scull and Rose, 1930). The rat has a complete

urea cycle and some arginine synthesis should be possible.
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However, Rose (1937) later determined that arginine was a
dietary essential for the growing rat but not for maintenance
of the adult.

Arginine was first dexonstrated to be a dietary essential
for tne chick in 1335 (Arnold et al., 153v). These workers
identified a factor in liver residue, which was very effec-
tive in promoting growth, as arginine and indicated that
arginine from casein was not as effective for increasing
growth as arginine from other sources. They also observed
that the growth promoting effect of arginine was less after
six weeks, indicating that the requirement is then less. In
1938, Klose et al. demonstrated that the chick is unable to
synthesize arginine from ornithine, urea or a combination of
the two and that arginine was therefore needed for maintenance
as well as growth. They noted that arginine supplementation
of a 20 percent casein diet increased growth but was without
effect when added to a 30 percent casein diet, and this ob-
servation suggested to them that part of the arginine in
casein was 1in such a form as to be unavallable to the chick.

An additional factor was presented by Bloch and
Schoenheimer (1940a) which, they believed, could have an
effect on the arginine requirement. They demonstrated that
the amidine group of creatine originates from arginine. In
the same year, Almquist et al. (1940) identified glycine as

an essential amino acid for the chick, and Rloch and
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Schoenheimer (1940b) determined that glycine was also in-
volved in creatine synthesis. The source of the methyl group
in creatine synthesis was determined to be methionine
(3orsook and Dubnoff, 1940). Therefore, the entire scheme
for creatine synthesis was basically outlined with arginine
demonstrated to play a vital role.

The creatine content of muscle was demonstrated to in-
crease following the addition of arginine to the diet of
chicks which had previously been fed an arginine deficient
diet (Hegsted et al., 1941). They also observed that rapid
feathering birds showed more response to arginine and glycine
supplementation than slowly feathering birds, and they con-
cluded that feather formation 1s a primary factor in the high
arginine and glycine requirements of chicks.

As might be expected from the role which arginine and
glycine serve in creatine formation, the addition of creatine
to the diet of the chick has a sparing effect on the arginine
and glycine requirements (Almquist et al., 1941). However,
Fisher et al. (1956) have reported that some arginine was
still converted to creatine when creatine was included in the
diet at a level which had previously been demonstrated to
give "normal" muscle creatine values with an arginine-devoid
diet. They also observed other signs of arginine deficiency,
such as frizzled feathers and depressed growth rate, when

only creatine was added to the diet, indicating that creatine
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formation is not the only metabolic function for arginine.
In addition, they observed that the muscle creatine content
in the chick increases rapidly during the first four weeks
of 1life and suggested this may, in part, account for the
higher arginine requirement during early life. One percent
of supplemental dietary creatine has been reported to be
adequate for growth of the chick when no arginine was in-
cluded in the diet (Fisher et al., 1956; Savage and 0'Dell,
1960)., A dietary arginine supplement of 1.9 percent was
required for chicks on a 25 percent caseln diet with no
supplemental creatine (Fisher et al., 19506).

Numerous researchers have reported that the arginine
requirement of chicks fed a diet with casein as the protein
source is higher than when fed a natural diet. This was
first indicated in 1936 by Arnold et al. It was suggested
by Klose et al. (1938) that part of the arginine in casein
was 1in such a form as to be unavailable to the chick, and
thus, arginine was the first limiting amino acid in casein.
It is interesting to note that arginine has been demonstrated
to be the least limiting amino acid in casein for growth of
the rat and that methionine and threonine are first and
second limiting respectively (Harper, 1959a).

The amino acid composition of casein is presented in

table 5.
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TAZLo 5. PudCsNT ANINO ACID CONPOSITION OF CASzIn

Hodson and lock and b zllinger and
Amino Acid Krueger (1946F  Weiss (1956) royne (1965)P

Methionine
Arginine
Tryptophan
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Leucine
Lysine
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8xicrobiological assay.
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Because casein had been determined to be first limiting
in arginine for the chick, it became a practice to add 10
percent gelatin, a rich arginine source, to the diet and re-
duce the caseiln content 25 percent. A 25 percent casein-10
percent gelatin was determined to be partially inadequate as
a source of protein for chick growth and could be improved
by the addition of 1.24 percent arginine (Wietlake et al.,
1954), Similar results with a 25 percent casein-10 percent
gelatin diet were reported by Hogan et al. (1956), and in

addition, they stated that 1.8 to 2.5 percent was the optimum
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amount of arginine to add to a 35 percent casein diet and
that the rates of gain on casein-gelatin, casein or soybean
meal diets were equal if suitable amino acids (arginine) were
added to the casein-gelatin and casein diets.

A study was conducted by Griminger et al. in 1955 to
determine if the browning reaction between carbohydrates and
amino acids was a factor in causing the apparent increase
in the arginine requirement of chicks fed a casein diet.
Cerelose or dextrin was used as the carbohydrate source.
Dextrin, having a smaller number ofAreactive end groups than
an equal amount of cerelose, should have spared arginine if
the browning reaction was occurring. In one instance,
cerelose was added to the diet just prior to feeding to
eliminate any browning reaction that might have occurred
upon storage of the mixed diet. DNelther dextrin nor
cerelose addition at feeding time decreased the arginine
requirement so the authors concluded that the browning re-
action was not responsible for the increased arginine require-
ment observed on casein diets.

A corn-soy diet containing a total of 1.1 percent
arginine has been reported to be adequate for chick growth,
as no growth response was obtained when supplemental arginine
was added (Snyder et al., 1956). They noted that 0.75 to
0.92 percent of supplemental arginine was required to pro-

mote adequate growth of chicks fed a 22 percent casein diet.
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The casein was assayed to contain 3.7 percent arginine, so
that the total arginine level in 22 percent casein diets
was 1.56 to 1.73 percent.

No growth response was obtained by krautmann et al.
(1957) when they added arginine to either a corn-soy diet
containing 0.94 percent arginine or a corn-soy-corn gluten
meal diet containing 0.85 percent arginine. However, 1.67
percent total arginine was required in a 21 percent casein
diet.

Data were presented by Anderson and Dobson (1959) which
indicated that the amino acid composition of casein is
responsible for the higher arginine requirement noted when
caseln provides most of the protein in chick diets., The
same high arginine requirement was noted with diets based on
other proteins (combinations of wheat gluten, blood fibrin
and zein) to which amino acids had been added to provide the
same essential amino aclid content as a ration based on
casein. The authors suggested that the essential amino acid
levels and not the level of protein per se were responsible
for the high arginine requirement of chicks fed casein diets,.
farlier reports by Almquist (19%47) and by Almquist and
Merritt (1950) indicated that the arginine requirement of
chicks fed a casein diet could be met if arginine were
supplemented to supply 6 percent of the protein. The data

presented by Snyder et al. (1956) and Krautman et al. (1957)



indicate a significantly higher arginine requirement as a
percent of the protein.

A crystalline amino acid mixture, simulating the amino
aclid composition of casein, was formulated by Klain et al.
(1959) and subsequently demonstrated to be inadequate for
chick growth unless supplemented with arginine. The
arginine requirement for chicks fed such a mixture of amino
acid was 2.06 percent. Similar results were obtained by
Fisher et al. (1960) using a crystalline amino acid mixture.

Thus, the high arginine requirement of chicks fed
casein diets appears to be related in some manner to the
amino acid composition of casein.

The addition of 2 percent lysine to a basal diet con-
taining 50 percent milo gluten meal resulted in feather ab-
normalities which were attributed to an arginine deficiency,
and the suggestion was made by the authors that the addition
of lysine precipitated an arginine imbalance or deficiency
which resulted in the abnormal feathering observed (Sanders
et al., 1950). Supplementation of the lysine containing diet
with 0.6 percent arginine resulted in normal feather develop-
ment, Similar results were observed when excess lysine was
added to a ration containing wheat gluten as the protein
source (Anderson and Dobson, 1959).

The increased arginine requirement of chicks given ex-

cess lysine was postulated by Snetsinger and Scott (1961) to
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be due to the increased involvement of arginine in a latent
urea cycle which was stimulated by the excess lysine for the
purpose of eliminating the excess nitrogen. The effect of
excess lysine on the growth of chicks was attributed to a
lysine toxicity (Jones, 1961). The inadequacy of casein was
attributed by Patterson et al. (1961) to be due to an im-
balance involving arginine rather than a simple deficiency
or unavailability of arginine as neither the absolute amount
of arginine in the dlet nor the protein level were found to
be solely responsible for the poor growth.

The existence of a specific antagonism between lysine
and arginine was postulated by Lewis and Smith (1964) and
Smith and Lewis (1966). 1In support of their claim, they
noted that excess dietary histidine did not depress growth
on an arginine low diet while excess lysine did not depress
growth on a tryptophan-limiting diet.

The interaction between lysine and arginine was also
termed an antagonism by Jones (1964) who reported that eight-
day old chicks were less susceptible to excess lysine than
the one-day old bird and that the growth depression was less.
Lysine did not induce an arginine deficiency on a soy diet,
and Jones concluded that lysline acts in some specific manner
to decrease the avallability of the arginine, i.e., a portion
of the analytically determined amino acid 1s not used by the

animal.
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The conclusion reached by Eoorman and Fisher (1966) was
that the lysine-arginine interaction 1is a particular manifes-
tation of the general phenomenon of amino acid toxicity and
not due to a unique lysine-arginine interaction. This con-
clusion was reached after they had noted that the addition
of 0.8 percent methionine to an arginine-deficient diet pro-
duced a growth depression, and the addition of excess arginine
to a diet limiting in lysine did not result in a significant
growth depression. Arginine did not alleviate the growth
depression caused by an excess of all single amino acids
tested, but its growth promoting effect was not solely con-
fined to alleviating the growth depression caused by excess
lysine. However, lysine was by far the most effective in
producing a growth depression on an arginine-deficient diet.
The data of Huston and Scott (1968) lend support to the
report of Boorman and Fisher (1966) that the amino acid im-
balance phenomenon in chicks 1is a general one. The data of
Huston and Scott (1968) reveal that weight gain of chicks fe3l
crystalline amino acid diets containing threonine at levels
of 55 and 70 percent of the chick's requirement was not ad-
versely affected by excess lysine; whereas, supplemental
lysine markedly depressed growth when the concentration of
threonine was adequate or approaching adequacy. Similar
results were obtained when valine, isoleucine and leucine

were first limiting. When arginine was first limiting, the
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depression in weight gain due to excess lysine was greatest
at the lowest level of dietary arginine and least on the
arginine adequate diet. Thus, excess lysine did not depress
welght gain when the crystalline amino acid diet was first
limiting in either threonine, valine, leucine or isoleuvcine,
whereas excess lysine depressed growth significantly when
the concentration of the deficient amino aclild was increased
in an amount that would meet the chick's reqguirements. The
authors sugzested that this result could be due to an excess
of arginine, not needed for protein synthesis, which could
function to counteract the imbalancing effect of excess
lysine in diets severely deficient in an essential amino acid.
They further suggested that the arginine present in adequate
diets was used for protein synthesis, and hence the arginins
available for reversing the lysine-induced imbalance would
tend to be minimal. A crystalline amino acid mixture was
then formulated to be equally limiting in either threonine,
leucine, valine or isoleucine and arginine, and the addition
of excess lysine to such dlets depressed weight gain, whereas
no depression was noted when arginine was not also limiting.
Growth was depressed on a threonine-deficient diet, that was
also equally limiting in arginine, by the addition of excess
histidine, tryptophan or methionine. Therefore, the authors
concluded that the lysine-arginine interaction is not a

specific one,
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A similar lysine-arginine relationship has been demon-
strated in the rat fed either an 18.0 vercent casein or a
15.6 percent soy protein diet (Jones et al., 19%6). Arginine
had little effect when added to the basal diets but com-
pletely eliminated the growth inhibition caused by 3 percent
lysine and siznificantly reduced that caused by 6 percent
lysine. The rat was more susceptible to eXcess lysine when
the protein of the ration was furnished by casein. An in
vitro inhibition of the proteolytic enzymes trypsin and
carboxypeptidase 3 bty lysine was reported by Jolff et al.
(1962). Some in vivo effect of lysine on the pancreatic
proenzyme content was observed by Jones et al. (1966; 1967)
but the effect could not be correlated with the effect on
growth rate as lysine depressed growth even when a diet
containing enzymatically digested casein was fed.

The ratio of lysine to arginine in casein 1is approxi-
mately 2.0 and is about 1.0 in soy protein. Supplementation
of a casein diet with arginine to give a ratio of 1.0 was
reported by 0'Dell and Savage (1966) to give maxinmum growth
in the chick. Similar data on the lysine to arginine ratio
were also presented by Jones et al. (1967) and llesheim
(1968a, 1969).

An intensive study into the mechanism of the lysine-
arginine interactlion was conducted by Jones et al. (1967).

They reported that release of the amino acids from casein



69

was not impaired, as lysine caused a significant growth de-
pression even when added to a crystalline amino acid diet.
Neutralizing the hydrochloride from lysine, arginine and
histidine with sodium bicarbonate, potassium bicarbonate or
sodium chloride did not prevent the growth depressing effects
of lysine. Absorption of arginine was not impaired as the
plasma arginine concentrations of chicks, fasted for 13 hours
and then given a test meal of either basal (10 percent gelatin
plus 18 percent casein) or basal plus lysine, were approxi-
mately equal one-half and two hours after the test meal. The
plasma arginine value then decreased to the fasting levels in
chktks given the basal diet and to below fasting levels in
birds given the basal diet plus lysine., Plasma lysine peaked
at one-half hour in both groups, decreased to normal within
four hours in the controls but remained elevated in the group
receliving excess lysine. Based on these observations, they
suggested three possible mechanisms by which lysine could
increase the requirement for arginine:

(1) The excess lysine could cause an increase in
protein synthesis, although this was discounted
since growth was depressed when excess lysine
was fed.

(2) Increased synthesis of creatine might be
evidenced by an increase in arginine-glycine

transamidinase activity.

(3) Excess lysine might increase the degradation
of arginine, possibly by chick arginase.

The persistence of decreased plasma arginine concentration
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when creatine was fed indicated that the mechanism by which
lysine controls the concentration of arginine 1is unaffected
by zrowth or transamidinase activity. Flasma arsginine con-
centration decreased as early as four to six hours after
excess lysine was consumed, but kidney arginase activity was
not significantly increased until four days after excess
lysine was given, and no increase in plasma or muscle ornithine
concentration was observed at six hours. Therefore, it was
considered very unlikely that a change in arginase activity
was a significant factor in the initial decrease in plasma
arginine concentration. An increase in tissue arginine was
not observed and therefore could not account for the de-
creased plasma arginine level. Finally, the authors indi-
cated that kidney tubular transport probably was not involved
in the mechanismn.

This latter observation was supported by Smith (1968)
who reasoned that if lysine decreased arginine reabsorption,
then excess arginine should decrease lysine reabsorption
and decrease growth, but instead added lysine agcain decreased
growth rate rather than stimulated it as should have occurred
if arginine made lysine limiting by competition at the re-
absorption site in the kidneys. The author also ruled out
the possibility that lysine causes an activation of a latent
urea cycle in the bird as no benefit was derived from the

addition of ornithine to the diet, and he concluded that an
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alternate route of disposal of excess lysine must exist which
utilizes arginine or its by-products.

Observations reported by =oormnn et 2l. (17cc) lend suncort
to tne postulate that excess lysine inhiblts arsinine raat-
sorption in the kidneys. They observed that an increase in
the plasxa concentration of lysine apparently caused an over-
loading of the tubular reabsorption site resultinz in in-
creased excretion and decreased reabsorption of both lysine
and arginine, and this effect was observed with only small
increases in the plasma lysine concentration.

Data presented by Nesheim (1969) and by Austic and
Nesheim (1969c) suggest that the growth depression produced
by excess tyrosine or lysine can be partly accounted for by
an acceleration of arginine degradation by arsginase, over a
period of time, as the feeding of aminoisobutyric acid plus
lysine or tyrosine did not produce as great a depression in
growth as the feeding of lysine or tyrosine alone. Amino-
isobutyric acid was reported by 3hao and Hill (12c¢2) to be
an in vivo inhibitor of arginase. The greatest effect of
lysine excess on the arsinine reguirenent appears to be the
result of factors other than arzinass. As the protein content
of the diet used by Austic and Nesheim (1968c) was low (14.6
percent casein), they concluded that the excess amino acid may
have produced an amino acid imbalance as described bty Harper

(1964), and that the role of arginase under such conditions



appeared to be secondary btut greatly compounding the primary
effect of the amino acid imbalance on the arginine require-
ment.

A difference in the arginine requirements of dWhite
Leghorns and %arred rlymouth Hocks was noted by Hegsted et al.
(1941). A later report by Snycer et al. (1956) stated that
extreme variability in growth of chicks resulted from feed-
ing an arginine-deficient diet. About 20 percent of the
birds appeared normal in every way while pen mates exhibited
signs of arginine deficliency. These observations suggested
to the authors that those chicks which appeared to grow
normally on arginine deficient diets were endowed with the
ability to synthesize arzinine at an accelerated rate. The
strain and breed of chicks used was implicated by ciwards et
al. (195€) as having an effect on the arginine requirement.
Studies by Griminger and Fisher (1962) revealed the existence
of an inherited difference in growth potential on an amino
acld deficient diet.

These reports definitely indicated that there could be
a genetic difference in the arginine requirements of chickens,
The existence of a difference in the arginine requirements
between two strains of White Leghorn chickens has been re-
ported by Nesheim and Hutt (1962). They observed that both
strains exhibited a decreased growth rate on an arginine-

deficient diet, but growth of the strain which they labeled
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the hish arginine requi