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Improved growth as the result of the administration of
vitamin D has been reported by many investigators. For
example, there are available reports for the rat, for the
turkey (Baird and Greene, '35; Robertson et al., ’41), for
the pig (McGowan, '33; Senior, '40; Brion et al.,, ’'51), for
the chick (Bethke et al., '29; McGowan and Emslie, '34;
Migicovsky and Emslie, '47; Buckner et al., '52), and for the
infant (reviewed by Jeans, '51).

In the numerous reports on the rat the data often are
hard to evaluate because of the variability in the amounts
of vitamin A, Ca and P in the diets. Improvement in growth
usually was accepted casually as a normal reaction to the
correction of a dietary deficiency. Steenbock and coworkers
(’23, '24a, '24-5b) used the induction of growth-promoting
properties in foods by irradiation as evidence of the synthesis
of vitamin D. But with some diets, for example those in which
the Ca/P ratio was very high it soon became evident that
vitamin D did not induce growth (Bethke et al., '23-'24;
Bethke et al.,, '32; Kramer and Howland, '32). Dodds and
Cameron (’43) obtained increased growth when vitamin D was
given to rats made rachitic on Steenbock and Black’s ration
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2965 but not when given as a supplement to the ration from
the beginning. Schneider and Steenbock ('39) and Jones
('44) found that vitamin D actually inhibited growth when
added to diets very low in P but normal in Ca.

A considerable number of investigators have fed diets in
which the ratio of Ca to P was very low. While Fairhall
('28), with diets especially high in P stressed primarily the
effect of vitamin D on calcification, inspection of his data
reveal a pronounced beneficial effect on growth. Shohl (’36),
and Jones and Cohn ('36) fed diets high in P but failed to
report their effect on growth. Greenberg and coworkers
(see Boelter and Greenberg, '4la,b) fed cod liver oil with
all of their diets. Sobel et al. (’45) and Carlsson (’52) found
a slight increase in growth with cereal diets which were
quite high in P but low in Ca. Morgan et al. (’'40), using
purified diets, obtained more growth by the addition of
vitamin D to low-Ca diets than to low-P diets. Migicovsky
and Emslie '(’47) and Consuret ('54) also obtained the
greatest increase in growth with diets high in P.

The lead to our experimental work was provided by the
observation of Beilin et al. ('54) that considerable growth
could be produced in the rat, though only for a limited time,
by the addition of vitamin D to a diet which contained 0.62%
P and as little as 0.03% Ca. Without this addition even
maintenance was impossible, and early death supervened.
It was furthermore observed, though not reported at the time,
that in spite of this growth the cartilaginous metaphyses of
the long bones were narrower than in the normal rat and that
the addition of vitamin D increased their width slightly.

Our present report deals primarily with observations on
the relation of vitamin D to growth with variations in the
intake of Ca and P.

EXPERIMENTAL
Approximately 30-day-old male Sprague-Dawley albino rats,

weighing 70 to 80 gm, were used in all experiments except
in one in which both males and females were used to determine
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the effect of sex. They were housed individually in hanging
wire-screen cages. Food and distilled water were kept avail-
able for their ad libitum consumption.

As evidence of the nutritive state of our rats when started
on experiment the following data pertinent to the interpreta-
tion of our experiments were obtained on 9 male rats as re-
ceived in different shipments: weight, 73 gm; serum inorganic
P, 10.5mg % ; serum Ca, 10.4 mg % ; extracted femur weight
0.1176 gm, ash weight 0.0638 gm, organic weight 0.0539 gm,
per cent ash 54.3, length 22.1 mm; radial metaphyseal width
0.22 mm.

.The rats were fed a basal diet composed of glucose 2 67,
steamed egg white 18, cottonseed 0il3 10, roughage 4 3, Ca-P
free salts 2, and a water-soluble vitamin supplement. The com-
position of the salts and vitamin mixture has been described
previously (Steenbock et al., '51). Supplements of calcium
or phosphorus were given at the expense of the glucose
ingredient except in the experiments which involved dietary
increases in Ca or P. In these, they were given as additions
to the rations. Calcium was usually supplied as CaC03 and
P as a neutral equimolar mixture of KHZ2 04 and KZHP04
except when very high levels of Ca were desired. In these
instances CaC03Ca3(P 04)2 mixtures were used to keep the
salt content of the diet at low levels. These mixtures were
prepared by adding weighed amounts of CaC03to standard-
ized HgP 04 solutions, evaporating and then desiccating them
under infrared lamps, and grinding with a mortar and pestle
to pass an 80-mesh sieve. The various diets were prepared
and stored without the oil ingredient until used. Following
addition of the oil, any unused portions wEre stored in the
refrigerator. All diets were analyzed for Ca and P.

Fat-soluble vitamins A, E, and K were given orally in a
cottonseed oil solution three times per week with a medicine
dropper. The minimum amounts given to each rat weekly were

2Cerelose.

3Wesson
*Ruffex.
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70 (jg (3-carotene, 875 My a-tocopherol, and 105 My 2-methyl-I,
4-naphthoquinone. Vitamin D2 was given orally, when re-
quired, as a cottonseed oil solution of calciferol, using a
calibrated one milliliter syringe. When a vitamin D supple-
ment was indicated, each rat was given 75 1.U. of vitamin D2
on the first day of the experiment and on every third day
subsequently.

The usual lensrth of the experimental periods was 21 days.
At the completion of an experiment, the rats were usually'
anesthetized with ether and killed by severing the carotid
artery. Blood sera were analyzed for P by the colorimetric
method of Fiske and Subbarow (’25) and for Ca according
to the (’lark and Collip (’25) modification of the Kramer and
Tisdall ('21) method. The Ca was precipitated directly as
the oxalate, dissolved in IN H.,S04 and titrated with N/100
KMno04

Bone ash determinations were made on alcohol-ether ex-
tracted femora. The bones were dried at 105°C., and ashed
at 1400°F. for 5 hours. Organic hone was assumed to he the
difference between the weight of the bone and the weight of
its ash.

The distal ends of the ulnae and radii were split, washed,
and treated with 1.5% AgNO03 Photographs of the sections
were taken for measurement of the cartilaginous metaphyses.5
Sometimes the femora were measured with vernier calipers
as additional evidence for establishing changes in growth, but
for the most part we relied upon comparative body weights
as a measure of comparative growth as no signs of obesity
or unusual body symmetry with changes in weight were
noted.

RESULTS

Table 1 brings out several noteworthy facts: that the rats
were able to live for many weeks on a diet containing
only 0.018% Ca; that growth was strongly inhibited as the

5The term metaphysis is used here to designate that area of the long bone
which lies between the epiphysis and the calcified diaphysis.
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amount of P in the diet was increased and that the addition
of vitamin D not only prevented this inhibition but stimulated
growth greatly. This stimulation was not limited to a three-
week period, but continued for 10 weeks after which main-
tenance supervened for at least three weeks longer (fig. 1).
In the absence of vitamin D, death occurred in one-half
of the rats after 9 weeks on the ration; frequently after the
appearance of tetany, diarrhea, dry, scaly paws and tails,
and bloody nares. Our data on growth inhibition resulting

Pig. 1 Growth on liigh-P, low-Ca diets for an extended period of time.

from an increase of the P content of the diet reaffirmed
the earlier findings of Bethke et al. ('23-4, '32) and of Sobel
et al. ('45).

It will be noticed (table 1) that the feeding of high-P,
low-Ca diets induced a hyperphosphatemia in the absence
of vitamin D. This was particularly noticeable in the rats
which had been 9 weeks on a diet containing 1.2% P. Sera
Ca levels were greatly depressed by the addition of P in all
non-D groups but were restored to approximately normal
values by vitamin D.
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The bone data reveal no outstanding change in the weight
of bone ash during the experimental period, even when vitamin
D was given. In fact, the percentage of ash was actually
decreased by the vitamin, for in harmony with the resultant
increase in body growth, the increase in organic tone was
large. Concurrently the bones were increased in length,
for example, after three weeks on the 0.3% P, low-Ca ration,
the length of the femurs was increased from 25.1 to 28.9 mm.
After 13 weeks the differential in length was increased still
more, though the increase in weight was small. These bones
were almost hollow, with only a thin cortex, and were severely
congested. In contrast to the soft bones with hypertrophied
ends which are produced by high-Ca, low-P rachitogenic
diets, the bones produced by these high-P diets were brittle
and porotic, without evident enlargement of the ends. The
percentage of ash was always reduced by vitamin D with
one exception (0.30% P) in which the non-D and D rats
were not comparable because the former died earlier.

Another unusual effect of vitamin D with these diets was
that it increased the Avidth of the abnormally narrow car-
tilaginous metaphyses from a width of 0.10 mm to approx-
imately a normal width of about 0.25 mm. So far as we know,
this effect of vitamin D is produced only with rats on diets
with 1.av Ca/P ratios. Over a period of time longer than
three Aveeks, as growth ceased, the cartilaginous metaphyses
Avere almost obliterated, whether or not vitamin D tvas sup-
plied.

The dietary lack of both P and Ca elicited slightly different
reactions, for while vitamin D was apparently essential at
these low levels of intake (0.018% Ca, 0.016% P) for the
maintenance of a normal level of serum P, it Avas not required
for the maintenance of a normal level of serum Ca. The bones
Avere very soft, porous and flexible. On the basis of their 1cav
ash content and on the result of previous balance studies, pre-
sented in part by Beilin et al. (’54), it is suggested that
resorption occurred to meet the P requirements of the soft
tissues for growth (Day and McCollum, '39).
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Effect of varying dietary Ca content with adequate P intakelon growth, blood and bone
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- Phosphorus was supplied as H&P 04

In all other diets, it was supplied as a neutral equimolar mixture of KI1,P04and K,tIPC),.

: Calcium was supplied as CaC03in all series except at the 0.43% Ca level in which CaCl2was used.
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The effect of varying the amount of calcium in the absence
of vitamin D was determined with a basal diet containing
0.3% P because numerous experiments in our laboratory had
indicated that this level of P maintained serum P at a normal
level (9mg%). The additions of Ca increased growth, but
not to the extent effected by the addition of vitamin D (table
2). However, when vitamin D was also given, Ca additions

Fig. 2 Growth on diets containing 0.3% P and varying levels of Ca.

had only a minor effect. In fact, as the Ca intake reached
a high level, the increase was less than that obtained with Ca
alone; growth was then inhibited (fig. 2).

The additions of Ca never produced as beneficial an effect
on bone as did vitamin D. At no level of Ca intake did the
weight of the femurs, or their ash, equal that produced by
the vitamin. Increase in organic bone, also in harmony
with increases in body weight, was not equaled. The relations
in percentage of ash however are not so decisive, for while
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the effect of vitamin D was greater than that of Ca for
each group, the maximum attained with Ca at a level of
0.43% in one group of 4 animals exceeded that obtained
with a lower level when vitamin D was given. However, 20
rats on the same dietary regimen gave lower values. The
width of the cartilaginous metaphyses of the distal ends
of the radii and ulnae was always normal (0.25 mm), except
for the non-D animals at the highest levels of Ca, namely,
17 and 2.6%. With these they were increased (1.80 mm).
There was therefore a definite rachitogenic effect correspond-
ing to the decrease in ash content such as is obtained with
cereal grain rations containing 1.2% Ca.

When Ca was supplied as CaCl2 or as a salt mixture
resulting from the addition of H3P 04 to CaC03 the growth
response was the same as that obtained with CaC03 Ap-
parently the high basicity of the ration resulting from the
use of the carbonate was not a determinant of the growth
response.

In another series of experiments, the P content of the
diet was increased progressively while the Ca was maintained
at an adequate level (0.45%) throughout. The results (table
3) of this series reveal that the effect of vitamin D was not
so great as in the earlier series (table 1) in which Ca was
kept at the minimum level. While the inhibition of growth
was reduced by the Ca the presence of vitamin D did not
produce such heavy rats nor was the relative increase in
weight so great as in the former series. Also the increase
in serum inorganic P was not so great. All of these changes
induced by the higher Ca intake were apparently effected by
the increased Ca content of the serum.

A number of experiments were carried out in which the
levels of dietary Ca and P were altered progressively after
subnormal growth had been established on our basal vitamin
D-free ration. The general plan of these experiments was
to start a large number of rats on the desired diet. When
the weight of the D-supplemented rats exceeded that of the
non-D rats by 10 gm, most of the latter were given higher or
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lower dietary levels of Ca or P or both. Further dietary
alterations were made when no growth response occurred,
or when an initial response declined. Several animals were
usually killed for an analysis of blood and bone whenever
a dietary change was made.

In none of the above trials was the resultant growth equal
to that obtained by the addition of vitamin D. Figure 3
presents the best response obtained. When P was increased

Fig. 3 Effect of successive dietary increments of Ca and P on growth.

above that of the initial dietary level of 0.3%, growth was
depressed; when Ca was increased to levels of 1.2 or 1.6%,
growth was increased. Later experiments showed that when
the dietary Ca level was increased early in the experiment
the effect was the same. Additional experiments with diets
containing 0.4% Ca, with 0.4% P; or 0.3% P, with 0.8% Ca;
with the Ca in the form of either CaC03or CaCl2 also failed
to indicate that any change in the amounts or in the proportion
of Ca to P could produce growth equal to that obtained with
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vitamin D. The growth curves for one of these experiments,
namely, those obtained with feeding a basal diet containing
0.4% P with 0.4% Ca, are found in figure 4.

As another device to secure better growth we availed
ourselves of the technique of feeding the Ca and P-containing
diets on alternate days to avoid reciprocal interference in their

Fig. 4 Relation of growth response to dietary additions of vitamin D, Ca
and P. Initial ration contained 0.4% P and 0.4% Ca. Numerals indicate
following changes in ration: ]. 0.52% Ca, 0.4% P. 2. 0.65% Ca, 0.4% P;
3. 0.78% Ca, 0.4% P; 4. 0.78% Ca, 05% P; 5 0.78% Ca, 0.6% P; 6.

0.52% Ca, 0.5% P; 7. 0.65% Ca, 0.5% P; 8. 0.65% Ca, 0.6% P; 9. 0.78% Ca,
0.6% P.

absorption. In these experiments, the Ca or P content of
the respective diets was kept at the same levels as in the
preceding experiments and in another case, they were
doubled so that their intake on an equal calorie intake was
not reduced. Again the resultant growth failed to equal
that induced by a supplement of vitamin D.
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Although early data of Bethke et al. ('23-4) and Bethke
et al. ('32) suggested the potentialities of an assay method
based on growth by means of which more than the mere
presence or absence of the vitamin could be determined,
only Coward et al. (’'32) investigated its use. They obtained
a logarithmic response of rats to graded amounts of vitamin
D. However, a later report by Coward (’'38) together with
our own experience, based on a comparison with other me-
thods, indicated that the difficulties of preparing the rats,
inconsistent responses, and disappointing accuracy greatly
limited the value of this technique.

Our present findings with diets low in Ca content suggested
that a growth method of assay for vitamin D might, after
all, he feasible, especially for samples low in Ca such as
soft animal tissues. Limited experiments with low-Ca, high-P
diets did indeed reveal a straight line relation of the logarithm
of increases in body weight in three weeks plotted against
the logarithms of a range of 6 to 525 I.U. of vitamin D
given in 7 doses at three-day intervals. When comparable
amounts were given in one dose, the net weight gains were
less and growth was not so persistent. This is in harmony
with the findings of Cruickshank and Kodicek ('53) who have
reported an apparent rapid destruction of vitamin D after
its administration. However, investigation of the sensitivity
of a method of assay in which a low-Ca, high-P ration was
used revealed decided limitations of such a technique. The
advantage which had been gained in the operating range, over
that obtainable with rations adequate in Ca content was
lost in sensitivity. For example, while a single dose of 24
I.U. gave a growth differential of 20 gm on a diet adequate in
Ca, the low-Ca rations gave a differential of only 8 gm.

DISCUSSION

If an analogy between the rat and the infant can he drawn
from their growth response to vitamin D (Jeans, '51; Koren-
chevsky, '22; Mellanby, '49) the suggestion that rickets in
the infant may at times be of the high-P, low-Ca type, is
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supported. The not uncommon occurrence of fatty stools,
which lead essentially to an increased fecal loss of Ca via
the formation of Ca soaps (Shohl, '38) may in effect make the
milk diet of the infant a high-P diet. In addition, the use of
supplementary cereal foods, high in P, low in Ca makes this
suggestion more tenable.

It would be expected that Ca was a limiting factor for
growth with our high-P, low-Ca diets, and the addition of
adequate Ca to such a diet confirmed this belief in so far as
the non-D rats were concerned (table 2). However, the
fact that additions of dietary Ca produced only one-half as
much growth as that elicited by vitamin D alone, indicates
that this vitamin performs a specific metabolic function
other than has been shown heretofore. In the past, it has
been assumed that vitamin D is primarily influential in the
absorption and deposition of bone salts, but it is suggested
by our results and those of Consuret (’'54), Zetterstrom ('51),
Zetterstrom and Ljunggren (’'51) and Tulpule and Patward-
han (’'54), that more consideration should be given to the
possibility of a widespread effect on organic tissue metabolism
of which increased growth is merely one manifestation. Pos-
sibly it induces a greater activity in the Krebs tricarboxylic
acid cycle with a resultant increase in tissue weight and in
tissue and urinary citric acid. This may explain the findings
of increased citric acid in tissues (Freeman and Chang, '50;
Steenbock and Beilin, '53) and its augmented excretion when
vitamin D is given (Beilin and Steenbock, '52; Harrison and
Harrison, ’'52; Beilin et al.,, '54). An increase in appetite
(Consuret, '54) and gastric secretion and laxation (Herting
and Steenbock, ’'55) while leading to increased growth may
likewise be reflections of a basic effect on metabolic reactions.

The depression of growth by vitamin D with diets of a
high Ca/P ratio has been attributed to a preferential shunting
of the dietary P to bone, thus depriving the soft tissues of
P which would otherwise be available for their growth (Schnei-
der and Steenbock, '39). Jones ('44) however, correlated this
inhibition with the hypercalcemia induced by vitamin D under



464 HARRY STEENBOCIi AND DAVID G. HERTING

these dietary conditions. We observed a hypercalcemia with
the three diets on which vitamin D depressed growth (tables
2 and 3); but we have no proof that this inhibition resulted
from the hypercalcemia per se. To proye this theory we feel
that the hypercalcemia should be invariable in its occurrence
when growth is depressed.

While sera Ca and P were maintained at normal levels and
life was maintained longer on the low-Ca rations when vitamin
D was given (fig. 1), calcification of bone did not keep pace
with the increase in body weight, and the bones became
increasingly more thin-walled, porous, and congested as vita-
min D stimulated growth. The question naturally arises:
is the increased growth that we obtained by the addition of
vitamin D to a low-Ca, high-P diet, a normal reaction? There
has been some tendency to accept maximum growth as a
primary desideratum and to use relative growth as an index
of nutritional status. Thomson and Duncan (’'54) have
written recently: “ The second lesson to be drawn from
the evidence is that since the organism must be healthy to
grow satisfactorily, growth is a good measure of general
health, and since growth is the product of nutrition it meas-
ures nutritional status.’’ That this statement may be invalid
when applied to skeletal growth for short periods of time
was indicated by the work of Zucker and Zucker (’46) which
showed that an increase in bone weight or bone ash may be
either the same, greater or less than the increase in body
weight in nutritional deficiencies. Our data supporting this
latter conclusion emphasize the necessity for caution in the
use of maximum growth as an index of well-being.

On the basis of extensive data gathered in this laboratory
over a period of years, we have found the normal levels of
Ca and P in the blood serum of our young rats to approximate
10mg % for Ca and 9mg % for P. In the currently reported
work, vitamin D tended to maintain serum inorganic P at a
normal level regardless of the dietary Ca-P relationship.
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For example, serum P was generally increased when dietary
Cal/P ratios were high and decreased when they were low.
The consistent elevation of serum Ca levels by vitamin D
under all dietary conditions as contrasted with the variable
effect on P suggests that this may be an important factor
in determining the ultimate reaction to the vitamin.

SUMMARY

In a series of experiments with young rats, it was found
that a low-Ca diet adequately supplied with phosphorus and
other dietary essentials presented optimum conditions for
eliciting the maximum growth differential which can be ob-
tained with vitamin D. This effect of the vitamin was
accompanied by a decrease in serum inorganic P, an increase
in serum Ca, a decrease in the percentage of bone ash, an
increase in the organic matrix of bone, and a slight increase
in the width of the cartilaginous metaphyses. Vitamin D
always tended to bring the serum P to a normal level. On the
other hand, its only effect on the level of serum Ca was
to increase it.

It was found impossible to duplicate the growth-promoting
effect of vitamin D by varying the amount and proportion of
P and Ca in the diet. The effect was the same, whether Ca
was given as the carbonate or as the chloride. While the
sole addition of Ca to a low-Ca, adequate-P diet increased
growth, such additions when given continuously, or in suc-
cessive increments, could not raise growth to the level induced
by vitamin D alone. Also, when the dietary Ca/P ratio was
raised too high, i.e. to an approximate ratio of 45 to 1.0,
vitamin D depressed growth.

The large increase in soft tissue, as well as of organic
bone, when vitamin D is given, suggests that it facilitates
other reactions than those concerned with the intestinal ab-
sorption and the skeletal deposition of mineral elements. It
appears that the weanling rat requires vitamin D for optimum
performance.
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In view of the increase in urinary pH (Steenbock et al.,
'51) which is obtained with a concurrent decrease in intestinal
pH when rachitic rats are given vitamin D, the effect of this
vitamin on gastric secretion becomes a matter of additional
interest. Limited data on this subject, obtained with various
rachitogenic diets and mostly with cod liver oil as the source
of vitamin D, have appeared in the literature. With adult
rats, on the Sherman-Pappenheimer diet, Abrahamson and
Miller ('25) found that the gastric pH was lowered from
3.85 to 3.23." Later, Eastman and Miller (’35), using McCol-
lum’s diet 3143, reported no effect. Redman et al. ('27) with
young rats on Zucker’s rachitogenic diet reported a lowering
of the pH from 65 to 4.3. Similarly, Eastman and Miller
(’35) with young rats on this diet reported a reduction from
457 to 4.45 and from 4.81 to 4.64 with McCollum’s diet 3143,
but an increase from 3.93 to 4.26 with Steenbock and Black’s
diet 2965. Steenbock et al. ('51) also obtained some evidence
of an increase in pH with a few rats on this latter diet.

It was quite evident that more extensive and more definitive
data should be obtained. Eastman and Miller (’35) admitted
that rickets was not evident in all of their rats; and, of course,
a vitamin D deficiency is difficult to demonstrate in adult
animals. Furthermore, other factors such as the diluting and

1 Published with the approval of the Director of the Wisconsin Agricultural
Experiment Station. Supported by grants from the Wisconsin Alumni Research
Foundation. We acknowledge our indebtedness to Miss Patricia lehioka for some

of the data.
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buffering effect of food and of regurgitated intestinal juices
have, hitherto, not been given any attention.

In our presently reported experiments, we instituted a
regime of controlled feeding. This was followed by a short
period of starvation, ligation of the pyloric sphincter, and
collection of gastric secretion while the rats were denied
access to water. This technique was essentially the same as
that used originally with rats by Roe and Dyer ('39) as
modified by several workers including Shay et al. (’45) and
Hawk and Hundley ('52). It has been widely accepted in
the study of gastric secretion, with particular reference to
the prevention of gastric ulcers (e.g., see Pauls et al., '47;
Funk et al., '52; Kowalewski et al., '54; Madden and Rams-
burg, '51).

A gastric response to vitamin D would be of more than
passing interest in infant nutrition because of the relatively
low gastric acidity in the infant and its apparent reduction
in rickets (Babbott et al., '23a, '23b; Zucker and Matzner,
'23; Wills et al., ’'26).

EXPERIMENTAL

The investigations were carried out with young Sprague-
Dawley rats weighing from 70 to 95 gm, but limited to a
range of about 10gm in individual series. They were kept
on wide mesh screens and were fed, ad libitum, one of the
following: our stock diet; our rachitogenic diet number 2965
of the usual composition, i.e., yellow corn, 76, wheat gluten,
20, CaCo03 3, and NacCl, 1 (Steenbock and Black, '25); or a
variation of a basal semi-synthetic diet (Schneider and Steen-
bock, '39), which consisted primarily of glucose2 67; cooked
egg white, 18, cottonseed 0il310, roughage 4 3, Ca- and P-free
salts, 2, and a vitamin supplement (Beilin and Steenbock,
'52). Optional supplements of various salts such as NHA4CL,
NaHCO03 CaCO03 and a neutral equimolar mixture of KHZ2 04

2Cereiose.

3wesson oil.
AR uffex.
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and KZHPO04were added at the expense of the glucose content.
‘When vitamin D was required by the experimental plan, 75
1.U. of calciferol in cottonseed oil were given orally with a
syringe every three days. Distilled water was available to
the rats except when gastric secretion was being accumulated.
All rations were analyzed for Ca and P before use.

Diet 2965 was fed for 21 days. Since this produced approx-
imately the same severity of rickets in 21 days as our semi-
synthetic rachitogenic diet 23 produced in 9 days, as indicated
by the width of the cartilaginous metaphyses ® this latter
feeding period was used for all experiments with purified
diets. Food consumption and body weights were obtained
every other day.

Following the induction of rickets, the rats were fasted for
16 to 24 hours, except those on the low-Ca, low-P diet. For
these latter the fasting period was reduced to 10 hours to elimi-
nate the incidence of tetany and fatalities in the “ non-D” rats
during the post-ligation period. Long fasting periods induced
tetany even when 135 gm rats were used. The average loss
in weight during the fasting periods ranged from 6 to 10%
of the pre-fast body weights.

After fasting, the rats were anesthetized with ether, the
pyloric sphincter was ligated, the abdominal incision was
closed with a continuous stitch, and gastric secretion was
allowed to accumulate for 6 hours. The abdomen was then
reopened, the esophagus was clamped with a hemostat, the
stomach was removed, and a blood sample was taken quickly
by severing the carotid artery. The stomach contents were
pressed out into a 10-ml graduated cylinder and measured.
The gastric mucosa was examined for obvious perforations
and blood clots. The pH of the secretion was determined
with a Beckman Model G meter, and the stomach contents,
plus the washings, were transferred to a 50-ml centrifuge tube
and centrifuged. The volume of the residue was measured.

As a check on the rachitic state of the rats, serum inorganic

5 We have used the term metaphyses to designate the cartilaginous area of the
long bones which lies between the epiphyseal cap and the calcified diaphysis.
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P was determined colorimetrically as described by Fiske and
Subbarow (’25), and serum Ca by micro-titration of the
oxalate with KMnO04 according to Clark and Collip (’25).
The ulnae and radii were removed, split, stained with a
1.5% solution of AgN 03 and photographed for measurement
of metaphyseal widths by projection. Bone ash was deter-
mined on the alcohol-ether extracted femora.

RESULTS

The collected data are shown in tables 1 to 4. The number
of rats used to obtain the average values will be seen to
differ widely. This was the result of rejections of data from
rats which had ulcers or perforation of the stomach wall,
blood in the secretions or large amounts of solid gastric
contents — exceeding 0.5 ml in volume after centrifugation —
as the result of coprophagy or the accumulation of foreign
matter such as hair. All observed volumes were reduced to
milliliters per square decimeter of body surface as calculated
from body weights according to the formula of Diack (’30),
using a K of 7.5. The weights used were those obtained im-
mediately before starvation.

Vitamin D additions had a general tendency to increase
the volume and acidity of gastric secretion as collected by
our technique (table 1). In no case were the final values
induced by this addition larger than those obtained with
our stock diet. The effect of vitamin D therefore was to
induce normalcy from the disturbed metabolic condition
produced by our various vitamin D-deficient diets. It is
evident that the largest increases in acidity were obtained
with those diets which were low in P (23, 23-H, 34-B) or
in which the availability of the P had been greatly depressed
by an excess of Ca (2965, 11-IT). When available P was
present in near optimum supply (11-Q), with no depression
of availability imposed by an excess of Ca, vitamin D had
little effect. Furthermore the level of Ca in itself was not a
factor as indicated by the results with two rations which were
both low in P but which contained 1.24% Ca in one case
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(23-H) and 0.012% in the other (34-B). The need for an
adequate supply of P for normal gastric acidity was indicated
further by the relatively high pH values obtained in the
absence of vitamin D, and the absence of any effect when P
was provided in great excess (11-1).

The changes in the volume of secretion, in general, paral-
leled those in acidity except for those obtained with the
high-P diet (11-1). It is possible that the mechanism which
is responsible for the increase in volume is not identical with
that which increases the acidity. This differential may well
have been brought out with this high-P ration because vitamin
D, in contrast to its effect with diets low in available P, de-
creased the percentage of bone ash, increased the width of the
metaphyses and decreased the level of blood P (Steenbock
and Herting, '55).

The response to vitamin D apparently can be quite rapid.
This was shown with rats which had received 525 I.U. in
a period of three days after they had been kept on either
diet 23 or diet 2965 for 9 and 21 days respectively. With
the former, the gastric secretion was increased from 1.34 to
2.23 ml per dm2of body surface and the pH was reduced from
1.41 to 1.31. With the latter, vitamin D increased the volume
from 2.36 to 3.12ml per dm2 and reduced the pH from 1.16
to 1.09. These results represent the average in each case
of not less than 6 rats, all of which were severely rachitic.

The possibility that the trend in pH, if not the volume
of secretion, might be altered by modifying the acid-base
balance in the rachitic rat was tested in a limited way. Rats
were fed diet 23 supplemented with 10% NaHCO03 (diet
23-F) or with 1% NHACL (diet 23-G) (table 1). The response
of these rats to vitamin D resembled that obtained in the
absence of these supplements.

Similarly, rats on diet 23 failed to deviate from their
previously observed response to vitamin D, even when given
a subcutaneous injection of 0.5 mg of histamine base in saline
at the time of operation to augment secretory activity (table
1). When the dose was increased to 10.0 mg per 100 gm of
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body weight, excessive ulceration, leading in some instances
to perforation of the gastric wall, made the collections worth-
less. We did not pursue these trials further. Roe and Dyer
('39) used histamine to increase gastric secretion in rats,
but Friedman (’43) claimed that this secretagogue had no
effect.

The observation that a dietary deficiency in available P
is correlatable with a decreased acidity of gastric secretion is

TABL3 2

Serum P and Ca

SERUM P 1 serum Cal
RATIO X VITAMIN
D2 Before After After Before After After
starvation starvation operation starvation starvation operation
mg % mg % mg % mg % mg % mg «fe
23 — 4.0 7.5 13.8 11.4 8.5 8.9
. 6.6 13.7 15.3 11.0 10.7 9.5
11-Q - 9.8 12.3 16.0 9.7 8.9 10.0
+ 10.4 10.8 12.4 10.9 10.2 7.2
Stock N 11.3 11.4 13.8 11.3 11.6 12.0
34-B - 31 12.0 17.2 111 6.4 6.1
+ 10.9 15.0 19.3 11.2 8.3 8.2
11-U - 5.0 9.5 13.4 11.5 8.5 7.0
+ 4.7 12.6 14.2 15.4 9.8 10.6

1Although data were obtained for all of the rations outlined in table 1 detailed
presentation is limited to 5 as the results with them were considered adequately
representative. The pre- and post-starvation analyses were usually made in two
rats, but as many as 8 were used for post-operation analyses. The starvation period
was of 16 hours duration except for ration 34-B with which it was limited to 10
hours.

supported by the values on serum P (table 2), bone ash and
metaphyseal widths (table 4). In all cases but one (diet
11-U), the effect of vitamin D on secretion was accompanied
by an increase in serum P as determined before the rats were
fasted. We are inclined to disregard the one exception as
the difference was marginal and as we have obtained con-
sistent increases in other experiments with this diet. The
serum P values bring out the additional well-known fact
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(Kramer and Howland, ’'22; Park, '54) that starvation in-
creases serum P in the rachitic rat. This increase was inten-
sified by the operation. The fact that vitamin D affected
gastric secretion in spite of these increases in serum P raises
the question of whether the effect of vitamin D observed by us
was possibly at a minimum.

In contrast to the correlation of serum P with secretory
activity, a positive correlation of gastric pH with differences
in serum Ca is not evident, probably because changes in
serum Ca tended to vary less than those of P (table 2). The
lower levels of serum Ca after the operation followed the
general rule that serum Ca was reduced as the serum P was
increased, but this reaction was not specific for individual
groups. It is usually conceded (Babkin, '50) that hypercal-
cemia in dogs, whether induced by irradiated ergosterol,
parathormone, or the injection of Ca salts, depresses gastric
secretion. On the other hand, hypocalcemia following para-
thyroidectomy always increases secretion. Since variable
changes in serum P would probably result from the use of
the aforementioned techniques, it is conceivable that these
may have been a disturbing factor in the investigations
referred to.

We sought to prevent the increase in serum P in some
rats by reducing the fasting period to 4 hours, as preliminary
tests showed that 4 hours fasting was almost adequate to
free the stomach of food residues. Other rats were given a
solution of 33.0% glucose, together with 2.0% of our Ca-
and P-free salt mixture and an addition of 0.8% Ca supplied
as the chloride and gluconate, thereby providing them with
both calories and salts other than P during the “ fasting”
period. These modifications were introduced in experiments
with rats which previously had been kept for 10 days on diet
23, low only in P; diet 34-B, low in both Ca and P, or diet
11-1, low in Ca but excessively high in P.

The resultant data (table 3) revealed that under these
modified conditions vitamin D had no effect on the gastric
pH. Preceding the operation, that is immediately at the close
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of the 4-hour period of fasting, the values for serum P were
lower for both D and non-D rats than after a 16-hour fast.
However, the increases in blood P were not prevented by the
modified technique though the values were somewhat lower
when vitamin D was not given than under the same circums-
tances after a 16-hour fast.

TABLE 3

Effect of shortening the fasting period from 16 hours (table 1) to 4 hours on the
volume and acidity of the gastric secretion

TR o
ml/dm2

231 21 3.60 114

13 3.38 115

34-B - 7 4.02 1.15

3 4.43 1.12

11-1 — 3 4.82 1.02

5 5.80 1.04

+

1A sugar salt-solution was supplied to some rats for the first three hours of the
fasting period and, with others, the gastric secretion was collected for three hours
instead of 6 hours with no differences resulting under comparable circumstances.

Our results were not complicated by variable food con-
sumption. In general, all diets were consumed readily, with
little difference between the D and non-D groups except for
three diets: viz., 11-1, excessively high in P and low in Ca;
11-Q, approximately optimal in Ca and P; and 11-U, exces-
sively high in Ca. With the first two named, consumption
was increased by vitamin D and on the third, it was reduced.

It followed, from the uniformity in food intake, that the
weights of the rats at the beginning of the starvation period
were practically the same for the D and non-D groups. Only
with the three aforementioned diets were there outstanding
differences (table 4). For 11-Q and especially with 11-1, the
weights were increased by vitamin D; with 11-U, they were
decreased. Not to be overlooked entirely is the slight de-
pression in growth effected by vitamin D on the high-Ca,
low-P diets which is in harmony with the recorded observa-
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tions of Schneider and Steenbock ('39) and of Jones ('44).
This decrease apparently was the result of the relatively high
intake of Ca because it did not occur with diet 34-B in which
the intake of both Ca and P was at a minimum level. This
difference in Ca intake had no effect on the relative increases
in volume or decreases in pH of the gastric secretion (diet
23 vs. 34-B).

TABLE 4

Body weights, and hone data

RATION VITAMIN INITIAL VBVEE;(;:; FEMUR ASH Pl-l\i/IYESTEA/-;L
D2 WEIGHT 1 STARVATION 1 WEIGHT 2 WIDTH
gm gm gm % mm
23 - 87 105 .1360 42.7 0.61
+ 87 95 .1520 46.6 0.13
23-H - 89 96 .1310 44.9 0.55
-r 87 89 .1418 47.9 0.11
2965 - 87 111 .1494 43.9 0.78
+ 88 120 .2006 52.5 0.18
11-Q — 75 103 .1569 50.7 0.28
+ 73 120 .1661 51.8 0.21
Stock N 73 121 .1658 55.1 0.29
11-1 - 87 97 1411 49.5 0.16
N 86 127 .1507 47.9 0.26
34-B — 72 111 1110 37.2 1.36
. 74 117 1112 39.8 0.29
11-U - 94 121 .1586 45.8 0.66
. 92 97 .1645 49.1 0.16

1Body weights were limited to the average from rats for which gastric secretion
data are presented.
3A minimum of 6 rats in each group was used for bone analyses.

It was recognized early by Dyer and Roe (’'41) that the
total volume which can accumulate in the stomach is neces-
sarily limited by the amount of water which is available from
other tissues. It became evident that vitamin D might have a
pronounced effect on water metabolism. Not only was gastric
secretion increased with all the diets fed, but Dr. John W.
Cramer of this laboratory has observed a distinct polyuria
when vitamin D was added to the low-Ca, low-P diet, 34-B
and to the low-Ca, high-P diet 11-1. Furthermore, an incidence
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of diarrhea has been observed occasionally in our laboratory
when rats on experimental diets were given vitamin D.

Three experiments were carried out in which diet 23, low
in P; diet 34-B, low in both Ca and P, and diet 11-1, high in
P were fed to groups of 16 to 24 male rats weighing approx-
imately 77 gm. These diets were selected because the effect
of vitamin D with diets 23 and 34-B contrasts sharply with
that on diet 11-1 (table 1). Growth, food consumption, water
intake and urine output were measured over a two-week
period. The rats were then Kkilled with ether, either im-
mediately or following a 16-hour fast. A wrist and femur
were removed for analysis from each rat, and the carcasses
were cut open and dried at 105°C. The femora were extracted
and ashed, and the distal cartilaginous metaphyses of the
radii were measured. To economize space, the results of these
experiments will not be presented in detail; they did not
reveal any convincing correlation between body water, urin-
ary volume and gastric secretion. The changes induced by
vitamin D in relation to body weight, femur ash and meta-
physeal widths, corresponded to those presented in table 4.
With diet 34-B for example, vitamin D increased body weight
12%, water consumption 45% and urinary volume 90%, but
body water remained practically constant, 72.5% vs. 71.9%
for the non-D rats. With diet 23, the corresponding Avater
content was 72.8% vs. 72.4% and Avith diet 11-1, 71.8 vs. 73.2%.

It is evident that the increase in gastric secretion cannot
be attributed to a greater degree of body hydration. With
reference to polyuria, there remains no question of its in-
cidence with diet 34-B. It was accompanied by a definite
polydipsia. These reactions were not obtained with diets
23 and 11-1. It is of interest that a marked polyuria and
polydipsia usually are also associated with the hypercalcuria
and hyperphosphaturia of hyperparathyroidism (Albright
and Reifenstsin, '48).

Our data on the occurrence of ulcers in different groups
(table 1) are probably too limited to warrant more than
passing comment; but it may be significant that ulcers Avere
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not produced with diets 23-F, 11-1, 11-Q, and 34-B, which
ranged from low (.014%) to moderate (.45%) in Ca content.
On the other hand, ulcers were produced with diets in which
the Ca was increased to 0.77% or more. These ulcers were
usually found in the rumen but occasionally in the antrum.
At the highest levels of Ca intake, vitamin D appeared to
increase their incidence. These data are not in accord with
the conclusions of Zucker and Berg ('43, '44) or Zucker et
al. ('45) obtained under somewhat different experimental
conditions that low-Ca diets tend to produce ulcers and that
vitamin D reduces this tendency. Nasio ('45), with cincophen-
treated dogs, has reported that vitamin D2 frequently pre-
vented or healed ulcers.

In view of the dependency of a demonstrable gastric effect
on the starvation-pyloric-ligation technique, an application of
our results to the intact rachitic rat can be made only with
reservations. However, it appears that vitamin D, when
given with rachitogenic rations low in available P, may
increase the volume and acidity of gastric juice. These in-
creases in volume and acidity may not only be factors in
antirachitogenesis but also in the absorption of Mg (Meintzer
and Steenbock, '55) and Pb (Sobel and Burger, '55).

SUMMARY

The effect of vitamin D on gastric secretion was determined
in a series of experiments with rats kept on natural or semi-
synthetic rations, normal or rachitogenic. The gastric secre-
tion was collected after a 10- to 24-hour period of fasting
followed by pyloric ligation. Vitamin D was found to increase
the volume and acidity of the secretion after the feeding of
rachitogenic diets. No increase in acidity was obtained with
rats on a normal diet or on a diet high in P. When induced
with rachitogenic diets the increase could be correlated with
an increase in serum P. No effect of vitamin D was de-
monstrable when the preoperative fasting period was reduced
to 4 hours. Analysis of the rats failed to reveal any effect of
vitamin D on body hydration.
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Early attempts to develop an adequate purified diet for the
guinea pig probably failed because the diets were inadequate
in bulk (Booth et al.,, '49; Woolley and Sprince, '45), potas-
sium and magnesium (Rome et al., '49) and casein (Woolley
and Sprince, '45; Booth et al, '49). As the guinea pig is
herbivorous, and normally eats bulky foods rich in potassium
and magnesium, the need for these substances is not surpris-
ing. Although a more satisfactory purified diet for guinea
pigs has recently been developed (Reid and Briggs, '53),
the need for high levels of casein has not been adequately
explained.

Woolley and Sprince ('45) noted that the growth rate of
the guinea pig was improved when the casein content of the
diet was increased to 37% 2 and reported that a combination
of arginine, cystine and glycine added to 22% 2 casein diets
gave a growth response equal to that obtained with the extra
casein. However, the best growth observed by them was 3.9

1Published with the approval of the Director of the Wisconsin Agricultural
Experiment Station. Supported in part by a grant from the National Livestock
and Meat Board.

2Fiber and artificial bulk materials have been considered as nutritionally inert

and all values have been recalculated on this basis. For example, the standard
30%-casein, 15%-bulk ration contains 30/85% casein = ca 35% casein.
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gm/day, only slightly better than half the normal growth
rate for the young guinea pig. Booth et al. ('45) obtained no
response to arginine, cystine, and glycine. These workers
also tried replacing sucrose with dextrin, and found no
improvement.

Work done in the past few years has indicated that dextrin
is superior to sucrose as the carbohydrate for young rats
fed low casein diets and for chicks fed higher levels of
casein (see Monson et al.,, '54 for references). In view of
these results and of the fact that the previous conclusions of
Booth et al. (’45) were drawn from only one experiment, it
seemed worthwhile to study the protein requirements of the
guinea pig and to reinvestigate the effect of the type of the
dietary carbohydrate on the protein requirement.

EXPERIMENTAL

Adaptation and pre-experimental period. Male guinea
pigs of mixed strains and weighing 160 to 200 gm were ob-
tained from a dealer 3 and adapted to the synthetic diets
before being placed on experiment. During this adaptation
period the guinea pigs were fed either the normal purified
diet or a mixture of the various experimental diets to which
20% of alfalfa meal had been added. A few lettuce leaves
were given during the first few days until the guinea pigs had
definitely started to eat the adaptation ration. The amount
of alfalfa meal was gradually reduced until the guinea pigs
gained weight on the purified diet alone. Guinea pigs were
weighed three times weekly and were considered to be adapted
when about 80% of the animals gained weight over a 4-day
period. The guinea pigs were then divided into groups of 5
animals having the same average starting weight (ca 180 gm).
Since adapted guinea pigs will grow fairly uniformly for at
least 12 weeks, the initial variation of 30 to 40 gm did not
affect the results which are based upon average growth rates
in grams/day rather than on total weight changes or starting
and finishing weights.

3 Gopher State Caviary, St. Paul, Minnesota.



AMINO ACID REQUIREMENTS OF GUINEA PIG 485

The guinea pigs were housed initially in 1/4" mesh cages
with raised screen bottoms. At a weight of about 300 gm the
animals were transferred into 1/2" mesh cages. Cages and
the rack were changed and sterilized at least once a month
and the cages more often if they became contaminated with
feces. The shavings beneath the cages were changed three
times weekly for young guinea pigs and daily for older ani-
mals.

Diets were mixed at least once every two weeks, and were
refrigerated. Special metal self-feeders attached to the front
of the cage, minimized food wastage and prevented contam-
ination of the diet with feces and urine. The animals were
fed daily and the feed trough was checked twice daily to insure
that the supply of ration was ample. The animals were given
at least one fresh bottle of water daily, supplemented with
35 mg of ascorbic acid. Older and heavier animals often re-
quired two bottles a day. All empty water bottles and tips
were thoroughly cleaned daily in a detergent solution contain-
ing a disinfectant. In our experience the importance of having
fresh water and ration before the guinea pigs at all times and
observing strict sanitary procedures can not be overempha-
sized.

Diets and experimental plan. The composition of the basal
10% casein diet is given in table 1. Increases in the level of
casein, and the addition or omission of amino acid supple-
ments were made at the expense of carbohydrate.

The vitamin mix provided in milligrams per 100 gm of
ration: inositol 200, niacinamide 20, PABA 10, Ca-pantothen-
ate 8, riboflavin 3, thiamine-HCI 2, pyrodoxine-HCI 2, folic
acid 1, in micrograms: biotin 100, vitamin B12 4; fat soluble
vitamins were provided weekly (or more often if shorter ex-
perimental periods were used) by dropper in the following
amounts: A, 20001.U.; D, 201.U.; E, 12mg; K, 0.2mg.

The original experimental plan was to measure growth
rates of groups of guinea pigs receiving graded levels of
casein (10 to 30%) for 4 weeks, after which the livers would
be analyzed for fat. However, the 10 and 15% casein groups,
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in which fatty livers might have been expected, were dis-
continued after two weeks. After the 4-week period, urea and
amino acid supplementation were tried with the 20 and 25%
groups, respectively.

The marked responses to amino acid supplementation, to-
gether with the marked growth differences between the 30%
casein groups and the 20 and 25% groups during the first part
of the experiment suggested that certain amino acids were
limiting when lower levels of casein were fed. Consequently,

TABLE 1
Basal diet
%
Sucrose or dextrin 78.00
Casein (alcohol extracted) 10.00
Corn oil 4.00
Salts IV 1 4.00
Potassium acetate 2.50
MgO 0.50
Choline chloride 0.35
DL-methionine 0.30
Vitamin mix 0.25
DL-tryptophan 0.10
100.00
Roughage 3 18.00

1Hegsted et al. ('41).
2Solka-floc, Brown and Company, Berlin, New Hampshire.

all 6 groups were used to study the effect of amino acid sup-
plementation during consecutive, short-term (4 to 8 days)
periods.

The experimental plan of amino acid supplementation is
summarized along with the results in table 2. Figures 1 and
2 show in detail the results and the experimental plan for the
20 and 30% casein-sucrose groups.

RESULTS

No data are presented for the groups that received 10
and 15% of casein. As these animals steadily lost weight,
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and some died during the second week, they were discon-
tinued after two weeks.

The figures in the first two lines of table 2 show that there
was no significant growth difference between groups receiv-
ing sucrose or dextrin with 20 or 25% of casein. The rate of
gain of these groups was 1 gm/day or less with no supplements
and was only very slightly improved when the diets were
supplemented with methionine and tryptophan. In contrast,

TABLE 2

Summary of effect of dietary carbohydrate, level of protein, and of amino acid
supplementation on the growth of guinea pigs fed purified dietsl

CARBOHYDRATE SUCROSE DEXTRIN
% oF caseIN 20 25 30 20 25 30

SUPPLEMENT

None — 05 1.0 542 — 0.2 0.8 5.42

0.3% DL-methionine
0.1% DL-tryptophan 1.0 4 164 3.6 121 164 5.6

0.5% L-arginine-HCI 4.9 4.6 6.723 6.0 2 53s 3.9 23

0.5% L-arginine-HCI
0.3% DL-methionine 5.0 6.2 5.7 5.6 2

0.5% L-arginine-HCI
0.1% DL-tryptophan 5.3 5.1 5.0 2.8

0.5% L-arginine-HCI
0.3% DL-methionine
0.1% DL-tryptophan 6.9 2 6.4 2 532 6.0

0.5% L-arginine-HCI
0.3% DL-methionine
0.1% DL-tryptophan
1.0% glycine 6.52 4.3 7.12 5.3

0.3% DL-methionine
0.1% DL-tryptophan
4.2% urea 0.1 2.0

'Values represent typical rates of gain in grams/day for periods averaging 5
days.

2Average of the two most representative periods.

30.3% L-arginine-HCI.

4Results from the first 4 weeks.



Figs. 1 and 2 Growth responses to amino acid supplementation of male guinea pigs re-
ceiving 20% casein-sucrose (fig. 1) and 30% casein-sucrose (fig. 2) diets.

Key to supplements: M = 0.3% DL-methionine; T = 0.1% DL-tryptophan; G = 1.0%
glycine; A = 0.5% L-arginine-HCIl; A* = 0.3% L-arginine-HCI. Dashed lines indicate re-
sponses within the period. Average weights at end of experiment: 20%, 517 gm; 30%, 678 gm.
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the groups receiving 30% of casein alone grew at a rate
greater than 5.0 gm/day Supplementation of the 30% casein
diets with methionine and tryptophan caused no growth stim-
ulation and actually appeared, initially, to retard the growth
of the sucrose group.

Supplementation with arginine markedly stimulated the
growth of all animals except those in the 30% casein-dextrin
group, in which case arginine appeared to inhibit growth.
The inclusion of methionine with arginine produced a further
response only in the 25% casein-sucrose group. Both trypto-
phan and methionine were necessary before a further response
was obtained with the 20% casein-sucrose group.

When the individual histograms of figures 1 and 2 are ex-
amined, a number of details can be noticed that are not ap-
parent from the summary table. Details of the other groups
will be discussed in the text.

In contrast to the similarity in the growth responses of the
groups fed either sucrose or dextrin with the lower levels of
casein, there was a marked difference during the early part
of the experiment between the sucrose and dextrin groups that
received 30% of casein supplemented with methionine and
tryptophan. The animals of the dextrin group grew about
5gm/day for the entire 6 weeks as compared to the initial
response of less than 2 gm/day for those of the sucrose group.
However, the superiority of the dextrin group over the suc-
rose group gradually decreased until at the end of 6 weeks,
the sucrose group was growing slightly more rapidly than the
dextrin group. During the last two weeks, the rate of growth
of both of the 30% casein groups was far superior to that of
the groups fed the lower levels of casein.

At the end of the initial 4-week period, 4.2% of urea,
equivalent in nitrogen to 15% of casein, was added to the
20% casein diets, and arginine and threonine were added to
the 25% casein diets. With 20% of casein, the dextrin group
continued to gain slightly during the first week after the addi-
tion of urea whereas the sucrose group lost weight. There
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was less difference between these two groups during the sec-
ond week, when the sucrose group started to gain weight.

In contrast to the lack of a significant response to urea sup-
plementation in the 20% casein groups, amino acid supplemen-
tation produced very striking growth re spouses in the groups
fed 25% of casein. As a consequence all 6 groups were used
thereafter to study the effects of amino acid supplementation.

Arginine. As noted before, with the exception of the 30%
casein-dextrin group, arginine supplementation significantly
improved the growth rate of animals in all groups. This was
particularly evident with the 20 and 25% casein groups as
can be seen by comparing lines 1 and 3 in table 2. Periods
3 and 9 of figure 1 show that the effect of arginine was im-
mediate and very striking. Table 2 also shows that a definite
response to arginine was obtained with the 30% caseiji-sucrose
group. This is more clearly demonstrated in figure 2 (periods
2 and 5). The growth rate during the first part of period
2 was 12 gm/day. This initial surge of growth when arginine
was first given was also noted in the 20% and 25% casein
groups. This type of growth response which appears to be
compensatory, was also observed when growth-depressing
levels of amino acids were removed.

The peculiar response of the 30% casein-sucrose group
to 0.5% of arginine in period 8 (fig. 2) is of interest. Ap-
parently, the addition of 0.5% of arginine was excessive and
caused an initial depression in the growth rate. However
the group did adapt to this level and grew at the compensatory
rate of 9.8 gm/day during the second part of the period to
give an average rate greater than that recorded when arginine
was omitted during period 9. This example illustrates the
extreme sensitivity of the guinea pig to dietary changes. This
dietary sensitivity often results in guinea pigs refusing to
eat altered rations, especially if an essential nutrient is taken
out, or if a component is added in excess. Thus from periods
2 and 5 (fig. 2) it would seem that 0.3% of arginine is the
maximum amount that can benefit the young guinea pig re-
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ceiving 30% of casein with, sucrose and that the 0.5% of ar-
ginine received in period 8 is excessive.

Even though an initial response to arginine, methionine,
and tryptophan was observed with the 30% casein-dextrin
group, the response declined during the second part of the
period, giving an average which was only slightly better
than the rate observed during the preceding period with
methionine and tryptophan. In contrast to the positive growth
responses to arginine alone with all other groups, there ap-
peared, to be some depression of the growth rate of the 30%
casein-dextrin group during such periods.

Methionine.. Although no consistent response to methio-
nine was observed with the dextrin groups, the addition of
both methionine and arginine to the diet of the 25% casein-
sucrose group produced a greater growth response than did
arginine alone as can be seen from table 2. In contrast to
the positive response to methionine with the group receiving
the 25% casein-sucrose diet containing arginine, no similar
response was obtained with the 20% casein-sucrose group.

A period in which 0.3% L-cystine was substituted for
methionine in the 25% casein diets, showed that the response
to cystine with the sucrose group was just as good, if not
slightly better than responses to methionine, during cor-
responding periods. In the dextrin group, however, the re-
sponse to cystine was somewhat less than the response to
methionine. No quantitative comparison between cystine and
methionine can be made from these preliminary results.

Tryptophan. Apparently tryptophan is more limiting than
methionine for guinea pigs fed 20% of casein with sucrose
since no further response was obtained until both tryptophan
and methionine were added to this diet as seen in table 2 and
figure 1. In contrast, no definite response to tryptophan sup-
plementation, above that to arginine and methionine, was
evident with the 25% casein-sucrose group. The response to
arginine and tryptophan, compared to the response to argi-
nine alone, and preliminary data from longer term experi-
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ments, also indicate that guinea pigs receiving a 25% casein-
sucrose diet do not need supplementary tryptophan.

The sensitivity effect, previously noted with excess arginine,
was also seen with excess tryptophan. Thus supplementary
tryptophan appeared to be excessive and inhibitory for the
30% casein-sucrose group. Responses to methionine and
tryptophan (period 4, fig. 2) and to arginine and tryptophan
(period 6), as compared to the responses in the preceding and
following periods, suggest that there was some depression
of growth during periods 4 and 6. The fact that arginine ap-
peared to be of some benefit to the 30% casein-sucrose group
would indicate that tryptophan caused the decreased rate of
growth in period 6. "Whether supplementary methionine had
any modifying action on the effect of excess tryptophan can
not be determined from these data.

Supplementary tryptophan appeared to be without effect
in the 20 and 25% casein-dextrin groups. The 30% casein-
dextrin group responded poorly to arginine and tryptophan,
probably because of the growth-depressing effect of arginine.
Although further inhibition from tryptophan can not be ruled
out, the combination of methionine and tryptophan did not
produce any growth depression of the 30% casein-dextrin
group.

Glycine and threonine. Glycine in combination with argi-
nine, methionine and tryptophan was tried twice with the
20% casein groups and once with the 25% casein groups.
Owing to inconsistent responses, no definite value of glycine
supplementation was evident with the 20% casein-,sucrose
group. However, the 20% casein-dextrin group gave definite
responses during both periods. It is interesting that both
non-specific sources of nitrogen gave slightly better responses
with the 20% casein-dextrin group. Both of the 25% casein
groups showed some decrease in growth rate when 1% of gly-
cine was added to diets already containing supplementary
arginine, methionine and tryptophan. This effect was slightly
more pronounced with the sucrose group.
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DL-Threonine (0.2%) was tried only once and then in com-
bination with the three other amino acids with the 25% casein
groups. Supplementary threonine would appear to be un-
necessary since all groups grew rather well during other
periods without threonine.

DISCUSSION

The results of these experiments clearly show that levels of
casein of 25% or less are inadequate for the young, rapidly-
growing, guinea pig Although rats fed only 10 to 15% of
casein grow quite well, guinea pigs fed these levels of casein,
supplemented with methionine and tryptophan, do not even
survive. A level of 30% of casein is required for satisfactory
growth and from previous work, 35% of casein seems to he
somewhat superior.

The very striking responses obtained when arginine was
added to the diets containing the lower levels of casein, in-
dicate that it is the most limiting amino acid in casein for
the young guinea pig. Even the 30% casein-sucrose group
responded to arginine supplementation. It is also evident that
methionine is limiting in the 25% casein-sucrose diets sup-
plemented with arginine and that both tryptophan and methi-
onine are limiting in the 20% casein-sucrose diet containing
arginine, tryptophan apparently more so than methionine.

Much of the difficulty in raising guinea pigs on purified
diets obviously stemmed from the fact that the early diets
contained only 20% of casein. Although, guinea pigs grow
very well on diets of natural materials 4 which contain only
20% of pro'ein,5a comparison of the amino acid composition
of plant proteins with casein shows that there is usually more
arginine in the former. Some plant proteins, particularly
those of certain grasses, contain as much as 8% of arginine,
about twice the amount found in casein. As the guinea pig
is herbivorous, it is conceivable that it has evolved under

‘ Rockland guinea pig pellets.
3See footnote 2, page 483.
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conditions in which its needs for arginine, in comparison to
the rat, have been met more from dietary sources and less
from internal synthesis.

In addition to the fact that casein is relatively low in
arginine, it also appears that the arginine in casein is not
completely available to the guinea pig. A diet containing
35% of casein would provide, theoretically, about 1.22% of
arginine while by microbiological assay,6 commercial guinea
pig pellets 7 contain 0.94% of arginine.8 If the amount in
pellets is assumed to be the amount needed and utilized, the
arginine in casein is only 77% available. Since the previous
assumptions are probably too liberal, it is doubtful whether
the arginine in casein is more than 70% available for the
young guinea pig. This finding is similar to that of Arnold
et al. (’36) who found the arginine in casein to be only par-
tially available for the chick. Thus the relatively high re-
quirement of the guinea pig for arginine, together with the
relatively low level and limited availability of the arginine
in casein, makes it necessary to use 35% of casein (30% on
the old basis) in purified diets for the young guinea pig.
Rough calculations from this information would suggest that
the requirement of the young guinea pig for arginine is ap-
proximately 0.8% of the diet, a value considerably in excess
of that of the young growing rat, and approaching that of
the chick.

The slightly greater responses of the 20 and 25% casein-
dextrin groups to arginine alone are of questionable signifi-
cance. These responses and the fact that no additional re-
sponses were obtained from methionine or tryptophan or both
could be interpreted as a possible specific amino acid sparing
action by dextrin as has been observed with rats.8 However,
it should be emphasized that the responses to combined amino
acid supplementation were usually greater with the sucrose

' Determined through the kindness of Dr. E. W. Lewis and F. N. Hepburn.
7See footnote 4, page 493.

8See footnote 2, page 483.

"Heinicke, H. R., A. E. Harper and C. A. Elvehjem, unpublished data.
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groups and that no definite conclusion as to a possible sparing
action can be drawn at this time.

It is apparent that under the conditions of these experi-
ments, dextrin did not cause a marked improvement in the
growth of guinea pigs receiving diets inadequate in protein,
as has been observed with the young rat (Harper and Kata-
yama, ’'53). It should be pointed out that our conditions
did not permit an intermediate rate of growth, with which
such an effect is most likely to occur. Although still in the
rapidly-growing stage, the guinea pigs were about 8 weeks
old when amino acid supplements were started. Since the pro-
tein sparing action of dextrin with rats decreases as the
animals grow older, it would be interesting to study the effect
of dextrin on the growth of very young guinea pigs receiving
levels of protein and amino acids that permit an intermediate
rate of growth.

Whether the differences that were observed between the
dextrin and the sucrose groups are related to a possible action
of dextrin in slowing the rate of passage of feed through the
gastrointestinal tract (Monson et al., '50; Stokstad et al.,,
'53) is not known. The sparing action of dextrin for young
rats may in some way be related to the more bulky nature of
dextrin, as compared to sucrose. If this were the case, then
the large amount of bulk already present in guinea pig diets
would probably decrease any such effect from dextrin.

SUMMARY

1. The need for high levels of casein in purified diets for
guinea pigs has been shown to be due to the need for a few
specific amino acids rather than for protein per se.

2. The most limiting amino acid in casein for the young-
guinea pig is arginine, apparently owing to a relatively high
requirement of the guinea pig for arginine and to the rela-
tively low level and limited availability of the arginine in
casein.
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3. With arginine supplementation, methionine becomes
limiting in  25% casein-sucrose diets and both tryptophan
and methionine become limiting in 20% casein-sucrose diets.

4. The guinea pig was shown to be extremely sensitive
to dietary changes, such as the omission of an essential item
or the addition of a component in excess.

5. No definite protein sparing action was found with dex-
trin, and the differences between sucrose and dextrin diets
that were observed were usually not marked. In general, the
responses to combined amino acid supplements were slightly
greater with sucrose diets but in a few specific instances
dextrin appeared more effective.
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Classical studies of the chemistry of digestion have es-
tablished that there is an exchange of minerals between the
gastrointestinal contents and the blood. Bergeim (’26a) de-
veloped a method using ferric oxide as an inert reference
substance, or tracer, to determine the extent and site of
this exchange. In rats, Bergeim (’26b) found that the secre-
tion of endogenous phosphorus occurred mainly in the middle
segment of the small intestine and might amount to 100
to 200% of the daily food phosphorus. There was evidence
of phosphorus absorption in the cecum in most cases, and
in the colon in all cases.

Thus, digestion is accompanied by a cyclic process in which
ions are added in the upper portions of the digestive tract,
presumably as part of the digestive juices, and withdrawn ill
lower portions, resulting in an “ internal circulation of the
minerals” (Shohl, '39). Information on this mineral ex-
change is of nutritional importance (Kleiber et al., '51),
particularly with regard to phosphorus, which is frequently
a limiting factor in nutrition.

1This investigation was supported by the U. S. Atomic Energy Commission.
2Postdoctoral fellow of the U. S. Atomic Energy Commission. Present addr-ess:

Department of Poultry Husbandry, University of California, Davis.
3Predoctoral Fellow of the U. S. Atomic Energy Commission.
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The older chemical methods, including the use of inert
reference substances, are limited in investigations of ex-
change because they measure only net changes and are
often insensitive to the total exchange or underestimate its
extent. lIsotopic tracers, however, make it possible to follow
the distribution of a particular quantity of some element
in the animal body, and by comparing this distribution at
various times after administration of the tracer, the nature
and rate of exchange processes can be evaluated. In the
experiments reported here, radiophosphorus (P32 has been
used to label the circulating phosphate in swine, and the
appearance of this material in the gastrointestinal tissues
and contents of sacrificed animals has been used to evaluate
the transfer of phosphate in the digestive tract.

METHOD

Swine used for this study were of three age groups: 2
4, and 8 months, containing respectively, 3, 4, and 3 ani-
mals. The mean body weights of these groups were: 15.8
+ 19Kkg, 30.9 ..« 1.8kg, and 90.2 £+ 1.8 kg, corresponding, re-
spectively, to 5 20, and 50% of the mature body weight.
A buffered isotonic solution containing radiophosphate was
injected into a marginal ear vein of each animal and they
were then returned to their usual routine until slaughter,
which occurred from one to 48 hours after injection. Samples
were taken of the tissue and contents of the stomach, small
intestine (at the midpoint and posterior to the entry of bile
and pancreatic juice), cecum, colon and rectum. In the case
of the stomach the epithelial tissue was stripped from the
underlying musculature, and in the case of the rectum the
heavy sphincter muscle was separated prior to processing
the sample. The other intestinal tissues were merely freed
of fascia, fat and residual contents and processed as the
entire tissue.

Determinations of dry matter, phosphorus and radioactivity
were made on each sample. The experimental swine and
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analytical procedures used have been previously described
(Smith et ah, '51).

RESULTS AND DISCUSSION

The results of the chemical analysis of the tissues and
contents of the digestive tract are summarized in table 1
as the means and their standard deviations for each age

TABLE 1

Dry matter ani phosphorus concentration in tissues and contents of the gastro-
intestinal tract of swine, (mean and its standard deviation)

2-month swine 4-month swine 1 8-month swine

Tissue Contents Tissue Tissue Contents
Dry matter (%) :
Stomach 17.3+ 11 140+ 49 16.8 + 1.0 188+ 13 126+ 41
Small intestine 16.7 £+ & 582 172 + 2.0 169+ 5 6.1+ 26
Cecum 206+ .8 94+ 3 211+ 13 257 + 1.3 165 W 10.0
Colon 198+ 15 188+ 35 228 £+ 26 271+ 15 182 W 29
Rectum 256+ 15 202+ 17 245+ 25 387+ 14 207 + 27

Phosphorus (mg P/gtn dry matter):

Stomach 111+ 6 41+ 6 126+ 5 83+ .7 29W 7
Small intestine 138+ 7 57+ 23 110+ 5 Oo & 8 72W 42
Cecum 71+ 1 68+ 31 67+ .3 43+ 6 55¥ 21
Colon 83+ 3 94+ 59 6.1+ 1.0 49+ 4 1281 46
Rectum 56+ .2 81+ 51 45+ 7 28+ 2 128 4.8

1Autopsy of the 4-month-old swine showed their gastrointestinal contents to be
contaminated with large amounts of sand. On analysis, samples of the digesta
were observed also to have a high dry matter and phosphorus content. Since this
condition was nutritionally abnormal, data concerning the contents of the digestive
tract of the 4-month-old swine were omitted from this report.

20ne determination only.

group. Both the water and the phosphorus (per unit of dry
matter) contents of the tissues are high in the anterior
portion of the digestive tract and decrease lower down.
Such progressive changes, or gradients, in composition have
been discussed by Alvarez (’40), particularly Avith regard
to functional activity gradients along the gut. Composition
gradients of the tract masculature Avere preditced by Alvarez
as the basis of gastrointestinal dynamics, and similar gra-
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clients of the mucosa, associated with the digestive and
absorptive activity. The relationship between water content
and metabolic rate of tissues (De Robertis et al.,, '54) and
the essential role of phosphate in cellular metabolism would
suggest that the chemical composition gradient observed in
the digestive tract of swine is associated with an energy
metabolism gradient which decreases in the lower part of
the tract. The composition of the gastrointestinal contents,
as might be expected, is much more variable than that of
the tissues. The water content of the digesta was similar
to that of the tissues, being highest in the small intestine and
decreasing lower down. The phosphorus concentration of the
digesta, however, was the reverse of that of tissue; it was
quite low in the upper portions of the digestive tract and
increased lower down.

Age seems to affect the composition of the tissues. Gen-
erally, the water content decreases with increasing age except
in the stomach and small intestine, and the phosphorus
concentration also decreases. No consistent age affects are
evident in the composition of the gastrointestinal contents.

The results of the chemical and radiological analyses of
the various samples were used to calculate their specific
activities.4 The specific activity values have been “ standard-
ized” for the variables of body size and tracer dose admin-
istered, the resulting figures being termed “ standard specific
activity.”5 Table 2 contains the standard specific activities

*Specific activity = /te P*/mg P; 1fie = 1 microcurie = 2.22 X 108 disinte-

grations per minute.

. . MCP3mg P
5Standard specific activity = L. i 1me = 1millicurie
me P2inj./kg body weight’

= 1000 mierocuries.

The deposition of a radioisotope is also frequently expressed in the literature as:
“ per cent of injected dose per milligram element,’”’ or “ per cent of injected dose
per gram tissue.” These units and “ standard specific activity” may be inter-
converted as follows:

per cent dose per milligram element = L

per cent dose per gram tissue =
standard specific activity X % dry matter X milligram elementygram dry matter

1000
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of the plasma inorganic phosphorus and of the gastrointes-
tinal tissues and contents.

The highest specific activity of the digesta is found in
the small intestine (except in animal H-I, where the cecal
contents have a slightly higher value). In the 8-months-old
animals, 6 hours after injection of the tracer, the specific
activity of the small intestinal contents is quite high as

TABLE 2

Standard specific activities of tissues and contents of the
gastrointestinal tract of swine.

pc P3Vmg P
mo P“ injected/kilogram body wt.

2 MONTHS 4 MONTHS 8 MONTHS
EXPERIMENT NO. Hl H2 H3 H4 H5 H6 H7 H8 H9 HIO
HRS. POST-INJECTION bl 24 48 1 6 24 48 6 24 48

Plasma inorganic P 120 056 042 10.15 258 1.06 0.70 895 556 4.74

( Epithelium 0.29 037 041 038 051 054 037 049 123 0.61
Stomach |

Contents  0.28 0.29 0.02 0.35 0.30 0.48
Small | Tissue 052 0.64 050 061 055 060 046 116 171 1.08
intestine 1 Contents 0.55 0.65 0.05 1.68 122 1.27
Tissue 0.34 080 059 074 056 0.60 049 134 172 137
Cecum | contents 059 038 0.05 111 074 091
Tissue 001 061 0.64 074 062 060 038 133 111 117
Colon 1 contents 023 0.26 0.05 0.02 064 0.87
{ Tissue 049 057 048 063 057 053 039 317 110 1.26
Rectum 1 consents 019 021 0.05 0.02 057 077

compared with other tissues, being exceeded only by liver
and kidney (compare table 2 and Smith et al., '51).

In the 8-months-old animals during the first day after
injection of the tracer the specific activity of the small
intestinal contents is 4 to 5 times that of the stomach. The
phosphorus concentration of the small intestinal contents
is about 20% higher than that of the stomach contents (“ fresh
basis, calculated from table 1), and the capacity of the small
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intestine is about 15% greater than that of the stomach.
Thus, a much larger amount of radioactive (endogenous)
phosphorus appears to enter the small intestine than the
stomach.

Kjerulf-Jensen ('41-'42), using radiophosphate, has studied
the secretion of endogenous phosphorus into the gastro-
intestinal tract of rats and into isolated intestinal loops.
About 5 times as much endogenous phosphorus appeared in
the jejunum as in the stomach, and very little appeared
in the cecum 30 minutes after the administration of the
tracer. Thus, it would appear that the main site of transfer
of endogenous phosphorus into the digestive tract of animals
with simple stomachs (viz., swine and rats) is the small
intestine, and very little is secreted anterior to that portion.

As compared with the small intestinal contents, the contents
of the digestive tract posterior to the small intestine show
a decreased specific activity at all times after the adminis-
tration of the tracer. This decrease can not result from a
further secretion of endogenous phosphorus of low specific
activity, since the plasma inorganic phosphorus, which is
the precursor of endogenous phosphorus, is still quite highly
labeled at the times involved (see table 2). Also, the low level
of specific activity of the lower intestinal contents in the
animals sacrificed soon after injection indicates only a small
secretion in these regions. This reduction in specific activity
of the digesta indicates a greater removal of radiophosphorus
than of total phosphorus, which could result from a relatively
greater resorption of endogenous (i.e., labeled) phosphorus
than of food phosphorus in the lower portions of the digestive
tract.

This apparent selective resorption of endogenous phospho-
rus may result from a functional deficiency of some digestive
systems with simple stomachs, some dietary phosphorous
compounds (viz., phytin) remaining undigested or otherwise
unavailable. McCance and Widdowson ('35) have shown
that a large part of the phytin ingested by man is excreted
unchanged in the feces.
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The specific activity relationships observed between the
contents of various segments of the gastrointestinal tract
of 8-months-old swine were also observed in the two-months-
old swine. The levels of specific activity of the digesta,
however, are much lower in comparable regions and at com-
parable times in the younger animals than in the older ones,
except in the colon and rectum 6 hours after tracer ad-
ministration. A similar situation has been reported regarding
the secretion of endogenous calcium into the digestive tracts
of young and mature rats (Wallace et ah, '51). Six hours and
later after intramuscular injection of radiocalcium, the per-
centage of the injected dose found in the digesta was much
greater in the mature than in the younger animals. This
difference in isotopic content of the digesta was interpreted
as an indication of a greater re-absorption of calcium from
the gut of the young animal.

It seems more likely, however, that the lesser quantity of
isotope in the digesta of the young animal results from its
lesser secretion. In young animals, bone formation removes
larger amounts of some mineral elements from the circulating-
blood, which would lead to a more rapid rate of disappearance
of an isotopic label, following a single tracer administration,
than would be the case in mature animals. A more rapid rate
of decrease of the injected tracer from the plasma inorganic
phosphorus of young animals is evident in table 2, and the
effect of this decrease on the specific activity of body tissues
generally has been previously noted (Smith et al.,, '51).

When the specific activity relative to that of the plasma
inorganic phosphorus (“ relative specific activity” 0) is cal-
culated, the situation is reversed, the relative specific activities
of the digesta 6 and 21 hours after injection in the two-months-
old swine being much greater than those of the 8-months-old
swine. The relative specific activities of colonic and rectal
contents 6 hours after injection in the two-months-old swine
are almost 100 times as high as the comparable material

spécifié activity of tissue phosphorus

ORelative specific activity =
P y specific activity of plasma inorganic phosphorus
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in the 8-months-old swine. This marked difference in specific
activity is probably due to a greater intestinal motility in
the younger animal labeled phosphorus secreted in the
upper portions of the tract reaching the lower intestine sooner
in the young animal than in the older.

At 48 hours after the injection the relative specific activités
of digesta of the younger animals are much lower than those
of the older animals, the values in the two-months-old animals
being only 4 to 7% of those of the corresponding material in
the older animals. This condition can also be explained on
the basis of a greater intestinal motility in the younger
animals, the older ones merely requiring a longer time to
eliminate the endogenous (labeled) phosphorus as well as
other materials from the digestive tract.

The distribution of the intravenously injected radioplios-
phate among the tissues of the gastrointestinal tract is
somewhat different from that of the contents. At no time
after tracer administration do the tissues of a particular
animal vary as widely in radioactivity as do the contents.
The maximum specific activity of the tissue is found some-
what lower along the digestive tract than is the case with the
contents ; it usually occurs in cecal or colonic tissue rather
than in the small intestine. The tissue radioactivity does not
merely reflect the passage of iihosphorus between the blood
and the contents, although this must be one factor in deter-
mining the tissue radioactivity. At early times after injection
(viz., 6 hours in the mature animals) practically no radio-
phosphate is present in the colonic and rectal contents, indicat-
ing no secretion. At these times, however, the maximum
specific activity of gastrointestinal tissue is generally found
in the cecum, colon or rectum.

The metabolic activity of the tissue with respect to phos-
phorus can be evaluated by determining the rate with which
it exchanges with the circulating inorganic phosphorus.
For this purpose, the relative specific activities 7of the tissues
were calculated from the data given in table 2. The relative

7See footnote 6, p. 503.
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specific activity represents the degree of equilibration of the
tissue phosphorus with the plasma inorganic phosphorus,
with respect to the tracer; the relative specific activity of
the plasma inorganic phosphorus is always unity. In the
youngest animals studied, the relative specific activity of all
tissues except stomach exceeded unity within 24 hours after
injection. On the basis of simple exchange (i.e., with no
net loss or retention of phosphorus by the tissue), the specific
activity of the plasma inorganic phosphorus Should be limit-
ing, and relative specific activities above unit would not be
observed. The two-months-old animals used in this study,
however, were growing, with an increase of 1.6% of their
body weighs per day (calculated from the body weights of
the two- and 4-months-old groups). In the youngest animals,
there was a net deposition of the tracer which accounted
for the high relative specific activities of their tissues. The
relative specific activity of the gastrointestinal tissues of
the 4-months-old animals did not exceed a value of 0.7, and
of the 8-months-old animals did not exceed 0.4.

SUMMARY AND CONCLUSIONS

The distribution in swine of intravenously injected radio-
phosphate at various times after its administration indicates
a very large and rapid transfer of plasma inorganic phos-
phorus to the gastrointestinal contents and tissues. Most of
this endogenous phosphorus appears to enter the contents
of the small intestine, which, 6 hours after injection in the
8-months-old swine, has a specific activity greater than most
tissues and organs, being exceeded only by the liver and
kidney. A decreasing specific activity of the contents toward
the posterior portion of the digestive tract indicates that
the endogenous phosphorus is resorbed from the lower in-
testinal contents to a much greater extent than the food
phosphorus. Ageing markedly decreases the secretion of
endogenous phosphorus (as compared with the circulating
inorganic phosphorus) and also decreases the rate of uptake
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of circulating inorganic phosphorus by the gastrointestinal
tissues.
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In a previous report Smith et al. (’55) described the secre-
tion of intravenously injected phosphate into the digestive
tract of an animal species with a simple stomach, namely,
swine. The digestive process of ruminants, such as sheep,
is more complicated than that of nonruminants, principally
because of prolonged storage of ingested material in the
rumen and tne action of microorganisms thereon. Ruminant
digestion also involves an extensive secretion and resorption
of minerals, which has been recognized since the early work
of Wildt (1874, 1879). Using the silica of the feed as an
inert “ reference” substance, he was able to measure, in the
digesta of sacrificed sheep, the secretion or absorption of
several minerals that occurred in the various segments of
the digestive tract. One of the elements principally involved
in this exchange was phosphorus, of which 10 times the daily
food intake was secreted into the various parts of the rumi-
nant stomach.

Large quantities of low molecular weight (volatile) fatty
acids are characteristically produced in the rumen (Elsden

1This investigation was supported by the U. S. Atomic Energy Commission.
2Post-doctoral fellow of the U. S. Atomic Energy Commission. Present address:
Department of Poultry Husbandry, University of California, Davis.
3Pre-doctoral fellow of the National Institutes of Health, U. S. Public Health
Service. Present address: McCollum Pratt Institute, Johns Hopkins University,
Baltimore, Maryland.
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et al.,, '45-'46), and it has been suggested that the secretion
of certain anions into the rumen serves to buffer them.
Watson ('33) measured the pH of the ruminal contents of
sheep and observed that it lies within the efficient buffering
range of phosphate. Watson and others (Briinnich and
Winks, '31; McDougall, '48) have proposed that secreted
phosphorus enters the rumen via the saliva in the process
of remastication and resalivation. Saliva phosphorus, which
is almost entirely inorganic, is at least 4 times as concen-
trated in sheep saliva as in human beings and has about
15 times the concentration of inorganic phosphorus of the
plasma.

METHOD

Sheep for this study were of three age groups: 1, 4, and
10 months, containing, respectively, 3, 6, and 6 animals. The
mean body weights for these groups were: 10 + 2kg, 17 £ 2
kg, and 51 + 4 kg, which would correspond respectively to
20, 50, and 90% of their mature weight. The one-month-old
sheep were still nursing. A buffered isotopic solution con-
taining radiophosphate was injected into the jugular vein of
each. The animals were then returned to their usual routine
until time of slaughter, which varied from one-half hour to
72 hours after injection. After sacrifice, samples of contents
and tissue were collected from the following segments of
the digestive tract: rumen, omasum, abomasum, small in-
testine (at the midpoint after the entry of the bile and pan-
creatic juice), cecum, colon and rectum. The epithelial lining
was separated from the underlying muscle in the stomach
tissues, and the rectal tissue was separated from the sphincter
muscle prior to processing. The other tissues were merely
freed of fat, fascia and intestinal contents and then processed
as the entire tissue.

Determinations of dry matter, phosphorus and radioactivity
were made on each sample. The experimental animals and
details of the analytical procedures used have been previously
described (Smith et al., '52).



INTESTINAL PHOSPHATE IN SHEEP 509

RESULTS AND DISCUSSION

The results of the chemical analyses (percentage of dry
matter, and milligrams of phosphorus per gram dry matter)
of gastrointestinal contents and tissues are summarized in
table 1 as the means and their standard deviations for the
animals of each age group. As in the case of swine, some
progressive changes in the composition of tissues and con-
tents were observed along the tract. The decreased water
content of the tissues posterior to the small intestine is similar
to that observed in swine; however, the omasal tissue is
generally the most hydrated. The decrease in phosphorus
concentration in tissues posterior to the small intestine is
also similar. The phosphorus concentration of the sheep
gastrointestinal tissues is generally greater than that ob-
served in swine, and this is also true of other organs and
tissues of the two species (Smith et al.,, '52).

In the gastrointestinal contents, the highest water concen-
tration occurs in the abomasum, except for the youngest
lambs, which were on a liquid diet, and this decreases lower
down. The dry matter results agree closely with data re-
ported by Garton (’'51) and Wildt (1874, 1879), but vary in
some segments from the data of Brunnich and Winks (’31).
The increasing phosphorus concentration in the contents of
the gastrointestinal tract of swine was not evident in sheep.
The highest phosphorus concentration was observed in the
omasal contents, except in the one-month-old lambs, and
from that point down it generally decreased. These results
are essentially the same as reported by Brunnich and Winks
(’31). Garton (’'51) reports a similar relationship for the
filtered liquors of the various parts of the ruminant stomach:
ruminal liquor, 79 mg % ; omasal liquor, 120 mg % ; and abo-
masal! liquor, 63 mg%. Sheep appear to absorb a much greater
amount of the phosphorus in the digestive tract than swine.
Although the phosphorus concentration in the 10-month-old
sheep abomasal contents is 4 times that in the 8-month-old
swine stomach (dry basis), the sheep rectal contents have
only half the phosphorus concentration observed in swine.
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The aging effects observed in the gastrointestinal tissues of
swine, a decrease in hydration and phosphorus concentration,
were not evident in these sheep.

The results of the chemical and isotopic analyses and the
tracer dose per kilogram of body weight have been used
to calculate the “ standard specific activities” of the various
samples, which are presented in table 2. The pattern of
radiophosphate secretion into the gastrointestinal contents
is quite different from that previously observed in swine,
which was characterized by a maximum transfer of the tracer
into the small intestinal or cecal contents with the radioac-
tivity diminishing sharply in either direction along the tract.
In the young nursing lambs the amount of radiophosphate
entering the digestive tract is small as compared with the
older sheep, and the maximum specific activity generally
occurs in the ruminal contents. In the older sheep the maxi-
mum specific activity was generally found in the omasal or
abomasal contents. These shifts in the site of major radio-
phosphate secretion into the gut contents indicate a change
in the nature of the digestive process following weaning,
involving a difference in the quantity or composition of the
digestive secretions. McDougall (’48), however, found no
effect of age on the composition of sheep saliva.

This secretion of phosphate into the contents of the diges-
tive tract is much more extensive in sheep than in swine,
the maximum standard specific activities observed in sheep
being about twice as great as those observed in swine. The
dietary intake of the two species is the reverse, the phos-
phorus requirement per unit of body weight, being about twice
as great, for swine as for sheep (Albritton, '53). When these
specific activities are compared with the specific activity of
the plasma inorganic phosphorus (i.e., “ relative specific ac-
tivity” 4), the species difference is more pronounced. In
mature sheep the relative specific activity of the gastrointes-
tinal contents is approximately unity within 24 hours after

Specific activity of tissue phosphorus

S;chfic activity of plasma inorganic phosphorus

1Relative specific activity ---
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tracer injection whereas in the older swine the maximum
relative specific activity at this time was less than 0.25, and
this was not greatly increased 48 hours after injection.

In sheep the specific activities of the gastrointestinal con-
tents soon after tracer administration indicate that the major
part of the endogenous phosphorus is secreted into the vari-
ous segments of the ruminant stomach. The secretion of
radioactive phosphorus into the rumen, which can be used
to estimate the rate of endogenous phosphorus secretion,
can be calculated as: P2 secreted = P3in rumen + P2 lost
from rumen.

The amount of P2 secreted into the rumen is determined
by the secretion rate of phosphorus, SR (grams phosphorus
per hour), and its specific activity during the period of secre-
tion. It has been shown that the specific activity of phos-
phorus in the digestive secretions following injection of
radioactive phosphate is the same as that for the plasma in-
organic phosphorus (Kjerulf-Jensen, '41-'42). Consequently,
the specific activity of endogenous phosphorus can be repre-
sented as the specific activity of plasma inorganic phos-

phorus, n:
t

P2 secreted = SKJ irdt.
o

The amount of P2 in the rumen at any given time, t, is
the product of the quantity of phosphorus in the rumen, R
(grams of phosphorus), and its specific activity at that time
Pu):

P3&in rumen = E p(t).

The amount of P3 that is lost from the rumen is deter-
mined by the quantity of phosphorus leaving the rumen and
the specific activity of ruminal phosphorus, p, during the
period of loss. Assuming that the quantity of ruminal phos-
phorus, R (grams of phosphorus), is constant, the amount
of phosphorus leaving the rumen will be equal to the sum
of the dietary intake, D (grams of phosphorus per hour),
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and the endogenous secretion, SR (grams of phosphorus
per hour):

t

P2 lost from rumen = (D + SE) (pdt

By combining the last three expressions into the original
equation, the secretion of P3 can be represented as:

t t

Srj (It = Rp®) -} (D + SK |PUt
0 O

which can be rearranged to calculate the rate of secretion
of phosphorus in the rumen, SR (grams of phosphorus per
hour):

t
Ri><t) H X | pdt
0
Si; = t t
jirdt— j'pilt
(6] (6]

The quantity of phosphorus in the rumen, R, was calcu-
lated from the chemical composition of ruminal contents (table
1) and the quantity of rumen contents taken from the data
of Washburn and Brody (’'37, table 8).3 Since the rumens of
the 4-month-old sheep appeared to be functional, it was
assumed that their contents had the same proportionality
to body size, i.e., 15% of live weight, as those of the 10-month-

5 There is some disagreement among the several statements of the quantity and
distribution of the “ fill” in sheep, particularly concerning the ruminal and
omasal contents. We have used the data of Washburn and Brody ('37) in our
calculations since they were derived from a large number of animals of about
the same body size as those reported herein. Poliowing is a summary of the

gastrointestinal contents, relative to live weight, which was calculated from the
indicated reports:

GASTROINTESTINAL CONTENT, % OF LIVE WEIGHT

Wildt Washburn and Elsden et al.
(1874,1879) Brody ('37) ('45—46)
No. sheep 5 13 3
Body weight (kg) 86.0 + 2.7 53.6 + 1.7 82.0 + 2, 7
Rumen and reticulum 11.4 + 0.6% 15.0 + 0.9% 8.8 + 1. 0%
Omasum 06 + 0.1% 0.5+ 0.1% 0.1 H-0.04%
Abomasum 1 09 + 0.1% 1.1 + 0.1% 0.8 H-0. 1%
Small intestine 22 + 0.5% 15 + 0.1% 1.0 + 0. 3%
Barge intestine 28 + 0.2% 25 + 0.2% 15 + 0. 2%

1Includes duodenum.
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old sheep. Accordingly, the rumens of the 4-month-old sheep
contained 2.16 gm of phosphorus, and of the 10-month-old
sheep, 8.65 gm of phosphorus. The dietary phosphorus intake,
D, was estimated from Albritton’s ('53) data as 90 and 45 mg
of phosphorus per kilogram of body weight per day for the
10- and 4-month-old sheep respectively. The specific activity
of the ruminal phosphorus at specific times, p,t), is given in
table 2. The specific activity of the ruminal phosphorus over
t

various periods following tracer administration, j~pdt, was
0

calculated from the mean specific activity and time of each
period. The specific activity of the plasma inorganic phos-
t

phorus over various intervals after tracer injection, j ndt,
0

was similarly calculated.6 The results of these calculations
are summarized in table 3 as the mean secretion rates, and
their standard errors, for the 4- and 10-month-old sheep. In
this calculation, as well as those for other parts of the rumi-
nant stomach, the derived rate for the earliest period was
quite small, and that for three to 4 hours after injection was
rather large. This suggests some delay in transfer of circu-

6  The standard specific activity of the plasma inorganic phosphorus over a period
of time following the injection of the tracer was calculated by plotting its standard
specific activities as a function of time and integrating the area under the curve.

In addition to the observed values, the standard specific activity at “ zero time’’
was calculated, and several intermediate values were semi-logarithmically inter-
polated.

The standard specific activity at “ zero time” was calculated by:

(a) Assuming that the tracer was distributed only through the plasma and interstitial
fluid inorganic phosphorus, both of which are in rapid exchange. The plasma volume
was assumed to be 50 ml per kilogram, and the interstitial fluid, 250 ml per kilogram
of body weight (cf., Kleiber et al., '50).

(b) Assuming that the inorganic phosphorus concentration was the same for both fluids
and equal to that measured in the plasma: 8.0 mg % for the 10-month-old sheep, and
1 fcr the 4-month-old sheep.

(c) Thus, the original dilution of the tracer was through 1225 mg phosphorus in the 10-
month-old sheep (body wt. =51 kg) and through 480 mg phosphorus for the 4-month-
old sheep (body wt. =17 kg). The standard specific activity of the plasma inorganic
phoslghgrus at” “zero time” after the injection of “X” me of labeled phosphate
wou e:

Standard specific activity = PT‘i‘njected/kiIogram body WZ

1000 “x”/1225 ~
= \EX>>//g£ ~ 42 in 10-month-old s\ﬁeep

1000 "x'7480
= — <,,/17 - ~33 m 4-month-old sheep
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lating phosphate. Consequently, the mean value for all ani-
mals was used, which should minimize the effect of such a
delay.

The mean ruminal secretion of phosphorus in the 6 10-
month-old sheep is about 0.20 gm per hour, or 4.8 gm per
day (the major part of the salivary secretion is continuous;
McAnally and Phillipson, '44). If saliva, which has a phos-
phorus concentration of 0.81 gm per liter (McDougall, ’'48),
were the only source of this secreted phosphorus, it would
have to flow at the rate of 6.0 liters per day. This salivation
rate is greater than Watson’s estimate ('33) of 4 to 5 liters
per day, which was based on the excess of ruminal phosphorus
over that ingested and would thus include all endogenous
phosphorus as salivary phosphorus. The saliva production
rate, calculated herein, is much larger than earlier estimates
(see Watson, ’'33) of one to two liters per day, which pre-
sumably were measurements of direct flow. Thus, a large
part, perhaps half, of the endogenous phosphorus appears to
enter the rumen from some source other than saliva, and it
probably enters directly through the rumen wall since the
ruminal epithelium is devoid of secretory glands. It has been
shown by Parthasarathy et al. (’'52) that the rumen wall in
vivo is permeable to phosphate in either direction. A histo-
logical examination of the walls of the ruminant stomach
by Bareroft et al. ('44a) shows that they are quite vascular
and apparently well suited to exchange. If as little as a third
of the endogenous phosphorus entering the rumen of the
10-month-old sheep (i.e., 1.6 gm of the 4.8 gm of phosphorus
per day) were to enter through the rumen wall and at tbe
same concentration as the plasma inorganic phosphorus (i.e.,
8mg% of phosphorus), this would require a fluid transfer
of 20 liters per day, which is greatly in excess of the saliva
flow.

The endogenous phosphorus secretion reported herein, 4.8
gm per day, is larger than the 3.5 gm per day reported by
Wildt (1874, 1879) but is about the same when expressed per
kilogram of body weight. However, his sheep were on a much
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lower dietary level (0.012 gm per kilogram of body weight
per day) than that used in these calculations (0.045 gm per
kilogram of body weight per day).7 Thus, Wildt found an
endogenous secretion of phosphorus into the rumen which
was 8.3 times as large as the daily intake, whereas our cal-
culations indicate a ratio of 2.6.

The ruminal phosphorus secretion was also calculated for
the 4-month-old sheep (table 3) and it had a mean, for the
6 animals, of 007 gm per hour. The ruminal secretion in the
two age groups appears to be the same per unit of body size,
but is somewhat different in relation to other nutritional or
physiological factors (table 3). The younger animals appear
to secrete less phosphorus in the rumen as compared with
the dietary phosphorus or dry feed intake (the 4-month-old
sheep were assumed to ingest 1.7 gm dry feed per kilogram
per hour, and the 10-month-old sheep, 1.2 gm feed per Kkilo-
gram per hour; Albritton, '53). The younger sheep appear
to secrete more phosphorus into the rumen as compared with
the total endogenous secretion, or with the total quantity of
phosphorus in the rumen. The rumen phosphorus seems
much more mobile in the younger animals, having a much
shorter “ turnover time.”

The high radioactivity observed in the omasal contents,
which is particularly apparent in the 4- and 10-month-old
sheep one hour after injection, suggests a secretion of endo-
genous phosphorus in that organ. It is possible that this
organ might receive saliva directly via the esophageal groove
and hence develop a higher specific activity than the ruminal
contents without local secretion. However, the high concen-
tration of phosphorus in the omasal liquor, which exceeds
that of ruminal liquor (Garton, '51) or that reported for

7 In order to increase the sensitivity of his method, Wildt selected feeds which
were quite low in nutritive materials. With his first two sheep (Wildt, 1874) he
used meadow hay which contained 0.27% phosphorus, and with his other three sheep
(Wildt, 1879) he used barley straw which contained 0.08% phosphorus. The ani-
mals were fed this ration for a 10-day preliminary period, which apparently did
not affect the secretion rate of endogenous phosphorus (viz,, the data on ruminal

secretion from his two experiments were essentially the same, and also equivalent,
per kilogram of body weight, to that reported herein).
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saliva (Watson, '33; McDougall, '48), indicates the presence
of an active process, either phosphorus secretion or selective
water resorption. Singleton (’'53) notes that the epithelium
of this organ is permeable to water and suggests that the
dehydration of the contents is more from water absorption
than from a wringing-out of the fluid from the digesta. From
the study of Barcroft, McAnally and Phillipson (’44a) it
appears that the folds of the omasum are the most vascular-
ized of the epithelia of the ruminant stomach. It is also
known (Barcroft et al., '44b) that a significant absorption
of volatile fatty acids occurs in this organ, to the extent that
digesta entering the abomasum are essentially free of these
materials.

The rate of secretion of phosphorus into the abomasum
can be calculated from the specific activity of the contents,
as was previously done for the rumen. In this case, some
of the P2 entering the omasum is from the passage of ma-
terials along the digestive tract, rather than from the secre-

tion alone, as in the rumen:
P®Bsecreted = P2in omasum -f- P2 lost, from the omasum — P2
entering from rumen.

The phosphorus entering the omasum can be considered as
that from the diet and from secretion into the rumen, since
absorption of phosphorus in the ruminant stomach is quite
small (Singleton, '53; Scarisbric-k and Ewer, '51). The phos-
phorus leaving the omasum is considered to be the sum of
that entering and that secreted therein. Thus, the P2 secreted
in the omasum can be represented as:
t t t

SoJaffdt = Oo(t) -p (D -p Sr+ SO0) co dt —= (D + Sr) cop dt,
which can be rearranged to calculate the rate of secretion
of phosphorus in the omasum, SO (grams per hour):

000 -p (D “p Sr)
o] o]

J mit— CGit
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Where: 0 is omasum phosphorus in grams

0 is the omasum phosphorus specific activity
(at time, t= o(t))

S is the secretion rate (grams of phosphorus
per hour) : in the rumen, SR and in the
omasum SO

1) is the dietary intake of phosphorus (grams
of phosphorus per hour)

p is the specific activity of rumen contents, and

n is the specific activity of plasma inorganic
phosphorus.

The quantity of omasum phosphorus, 0, was calculated
from the composition of omasum contents (table 1) and the
quantity of omasum contents, which was taken from the data
of Washburn and Brody (’37).8 Accordingly, the omasum
of the 4-month-old animals should contain 0.23 gm of phos-
phorus, and of the 10-month-old animals, 0.63 gm of phos-
phorus. The specific activity of the omasum contents, (t),
given in table 2, was integrated as previously indicated.
Other values are the same as previously used in the calcu-
lations for the rumen.

The secretion of phosphorus in the omasum for all 6 ma-
ture sheep (see table 3) has a mean value of 0.013 gm per
hour. This secretion is rather small when compared with
the total quantity of phosphorus in the omasum contents, the
hourly addition being only 2% of the phosphorus contained.
It is also only a minor source of omasum phosphorus, amount-
ing to 4 to 5% of the phosphorus entering the organ.

Wildt (1874, 1879) noted a marked decrease in phosphorus
concentration, relative to the silica concentration, in the
omasal contents, suggesting that this organ was a site of
phosphorus absorption. The structure of the omasum sug-
gests that siliceous particles might tend to be retained there,
which would lead to artificial results by Wildt's method.

The tracer indication of secretory activity in the abomasum
is expected, since this organ is the glandular portion of the

3See footnote 5, page 514.
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ruminant stomach, and it is likely that circulating phos-
phorus would enter the digesta in this organ via the gastric
juice. The rate of secretion of phosphorus in the abomasum
can be calculated, as previously done for rumen and omasum,

from the appearance of P32
P*2 secreted = P2in abomasum -f- P2 lost from abomasum — P2
entering from omasum.

By expressing P2 as phosphorus secreted and its specific
activity, the following equation is obtained:
t t t
Sa” Tdt = A Qft) f~ (Sa ' So -} D)™Ctfit — (Sr-f So - f odt,
(@] 0 0
which can be rearranged to calculate the rate of secretion of

endogenous phosphorus in the abomasum, SA (grams of phos-
phorus per hour):

Aat) &~ (S0 srfD)Cla(lt—I0dt 1
n n J

rdt —J adt
o 0

Where: A is the abomasal phosphorus content (gm)

a is the abomasal phosphorus specific activity
(at time, t= a(t)), and other symbols have
the same significance as previously indicated.

The quantity of abomasal phosphorus, A, was calculated
from the composition indicated in table 1 and the quantity
of abomasal contents.9 Accordingly the abomasum of the
4-month-old sheep would contain 0.14 gm of phosphorus, and
of the 10-month-old sheep, 0.52 gm of phosphorus. The spe-
cific activity of the abomasal contents, a given in table 2
was integrated as previously indicated. Other values used
are the same as for the previous calculations.

The secretion of phosphorus in the abomasum of the 10-
month-old sheep (see table 3) has a mean value for all 6
animals of 0.035gm per hour. If this secretion were con-
tinual, it would amount to 0.84 gm per day. This is close to

0See footnote 5, page 514.
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the phosphorus secretion of 1.1gm per day measured by
Wildt (1874, 1879), but is relatively less when compared to
the dietary intake. This secretion of phosphorus into the
abomasum is small as compared with the total phosphorus in
the abomasal contents, the hourly addition being about 7%
of the phosphorus contained. It does, however, amount to
more than 11% of the phosphorus entering the organ.

Very little radioactivity was observed in the intestinal con-
tents until 24 hours after the injection, which was gnite dif-
ferent from the observations in swine. The intestines seem
to be of much less importance in sheep, in which they con-
stitute less than 35% of the capacity of the gastrointestinal
tract, than in swine, in which they constitute over 70% of
the tract’s capacity (Dukes, '47). Although there is a meas-
urable radioactivity in the small intestinal, cecal and colonic
contents one hour after injection, indicating some secretion
or exchange at all points along the tract, this is small com-
pared to anterior portions of the tract, and the small intes-
tinal contents of the 10-month-old sheep are less radioactive
than those of the 8-month-old swine at all times after the
tracer injection. No great activity is evident in the intestinal
contents until 6 or 8 hours after injection, and this seems due
to a movement of digesta from the stomach portions. At 24
hours and later after injection, the specific activity of the
gastrointestinal contents is essentially uniform. This indi-
cates that the resorption of endogenous phosphorus is
proportionately equal to the absorption of the exogenous
phosphorus, which is contrary to the situation previously
observed in swine.

In the 4- and 10-month-old sheep, where several rectal
contents samples were collected soon after injection, there
is evidence of a small but active secretion of endogenous
phosphorus in that organ. Samples taken at one-half and
at one hour after injection have a fairly high specific activity
which decreases for 6 or 8 hours, as nonlabeled digesta move
through this region and the specific activity of the blood
decreases. Evidence for a phosphorus excretion in the rec-
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turn is borne out by the data of Briinnich and Winks (’31),
which show a 30 to 40% higher phosphorus concentration
(per gram of dry matter) in the feces than in the rectal
contents, but not by Wildt's data (1879) where the results
were variable.

This internal circulation of minerals exists for other ele-
ments, however, with different levels and at different secre-
tory sites. Wildt's data (1879) indicate that only a sodium
secretion is associated with phosphorus secretion. Watson
(’33) has noted a high salivary bicarbonate level, which would
also share secretory sites with phosphate. Some ions, such
as potassium and chloride, are secreted mainly in the abo-
masum, and others, such as calcium, do not enter the digesta
until the small intestine (beyond the point of entry of bile
and pancreatic juice). Recent tracer work with intraven-
ously injected radiocobalt (Co60) by Keener et al. ('51) has
demonstrated that this element is deposited almost exclu-
sively m the intestinal tract, particularly in the small in-
testine.

The appearance of the radioactive phosphorus in the tis-
sues of the digestive tract followed a markedly different
pattern from that observed in the contents. Whereas the
abomasal contents generally had the highest specific activity
observed along the tract up to 24 hours after injection, the
abomasal tissue generally had the lowest specific activity.
The lower intestinal tissues, unlike the contents, early ac-
quired a specific activity comparable to that of the anterior
gastrointestinal tissues. The colonic and rectal tissues did
not reflect the observed early secretion of the tracer into
the contents with a decrease in specific activity. Generally,
there was no strict parallelism between the distribution of
the radiophosphorus in the contents and tissues of the diges-
tive tract, and it appeared that the phosphorus metabolism
of the tissue is quite different from the phosphorus exchange
between the gastrointestinal contents and the blood although
tissue phosphorus must be intermediate in that exchange.
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The phosphorus metabolism of the gastrointestinal tissues
can be evaluated by measuring the rate at which the specific
activity of the tissue phosphorus would equilibrate with the
specific activity of the plasma inorganic phosphorus, the
ultimate precursor of the tissue phosphorus. For this pur-
pose, the “ relative specific activities” (i.e., the ratio of the
specific activities of tissue and plasma inorganic phosphorus)
for the various gastrointestinal tissues were calculated from
the data in table 2

In the young nursing lambs, the specific activity of some
tissues exceeded, almost doubling, that of the plasma in-
organic phosphorus, indicating the growth phenomenon pre-
viously noted in young swine. In the older sheep, however,
the specific activities of the phosphate in tissues and plasma
were essentially equal 48 hours after injection of the tracer,
and no consistent change was observed at 72 hours..

When the proportionate differences between the specific
activities of tissue phosphorus and plasma inorganic phos-
phorus (i.e., l-relative specific activity) are examined, they
are found to be semi-logarithmically linear with time, at
least up to 24 hours after injection. This indicates that the
rate of uptake of the tracer by the tissue is proportional to
the difference in specific activity between it and plasma
phosphate, i.e.,, a “ first order” process, and is probably a
matter of simple exchange in this period soon after the
injection. Processes of this order follow the equation:

1- relative specific activity = be~kt

where: b is the difference existing at the time of injection
and is unity in this case, since at that time none of the tracer
had been added to the tissue.

— k is the rate constant for the equilibration of the two
specific activities, i.e., for the rate of change of the quantity
(1-relative specific activity). It is negative to indicate a de-
crease in the specific activity difference with increasing time.

The equilibration rate constants, indicating the phosphorus
metabolic activity of the tissues, have been calculated and
are presented in table 4. It appears that with increasing age
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most of the tissues exhibit a decreasing ability to take up
(exchange) plasma phosphate, the possible exceptions being
those of the abomasum and rectum. This aging effect is
particularly marked in the rumen and small intestine.

TABLE 4

Equilibration rate of gastrointestinal tissue phosphorus and plasma phosphate in
sheep of different ages

(1-relative specific activity = be_kt)

Kk x 100 1
TISSUE
1 MONTH 4 MONTHS 10 MONTHS
Rumen — 9.0 — 6.8 — 5.8
Omasum — 10.3 — 9.6 — 7.0
Abomasum — 20 — 34 — 33
Small intestine — 121 — 7.7 — 4.7
Cecum — 6.4 — 6.2 — 54
Colon — 7.7 — 55
Rectum — 64 — 5.8 — 6.0

1Since t is measured in hours, k X 100 is the percentage change in the specific
activity difference per hour. Assuming that only a simple exchange exists between
tissue and circulating phosphate, this would represent the percentage of tissue
phosphorus replaced by plasma inorganic phosphate per hour.

SUMMARY AND CONCLUSIONS

The distribution of intravenously injected radiophosphorus
among the contents of the sheep digestive tract indicates a
mineral exchange between these materials and the blood. This
exchange for phosphorus was more active than that previously
observed in swine and involved different secretory sites.
Phosphate, which may function as a buffer for volatile fatty
acids produced in the rumen, enters the rumen via the saliva,
and in apparently even larger quantities directly through the
rumen wall. A rapid increase in radioactivity of the omasal
contents indicates phosphorus secretion in this organ. The
principal site of endogenous phosphorus secretion seems to
be the ruminant stomach, and very little phosphorus enters
the intestines. An early appearance of radioactivity of the
rectal contents indicates a small but active secretion of
phosphorus in this region.
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A pronounced aging effect is noted in the phosphorus ex-
change of the gastrointestinal tissues of sheep. Aging in
sheep, however, does not lead to change in chemical compo-
sition of the body as it does in swine.
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RELATIONSHIP OF DIETARY PROTEIN AND FOOD
INTAKE TO PYRIDOXINE NUTRITION
IN THE RATI1
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The major components of the diet greatly influence the
requirements for certain water-soluble vitamins in animals.
The concentrations of riboflavin, niacin (Sarett and Perlzweig,
'43) and pyridoxine (Sheppard and McHenry, '46) in rat
liver have been reported to vary directly with the protein
level of the diet. On the other hand, the concentrations of
thiamine in the carcass and liver mainly reflect the intake
of the vitamin rather than intake of protein (Sarett and
Perlzweig, '43). Seifter et al. ('48) found that riboflavin and
niacin were lost from the liver at a faster rate than nitrogen
in animals fed non-protein diets. In studies with high pro-
tein diets, a greater demand for pyridoxine occurs (Foy and
Cerecedo, '41). This effect has been attributed mainly to
increased levels of amino acids, such as tryptophan and
methionine, whose utilization specifically requires pyridoxine
(Miller and Baumann, '45; De Bey et al., '52).

From numerous studies it has been observed that the level
of protein in the diet markedly influences the activity of

1Published with the approval of the Director of the Wisconsin Agricultural
Experiment Station.

2Smith-Mundt and Fulbright grantee, sponsored by the Department of State
and the Institute of International Education. Permanent address: Nutrition
Research Laboratories, Indian Council of Medical Research, Coonoor, India.
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certain tissue enzymes, particularly xanthine oxidase, which
is known to require riboflavin as a part of the coenzyme (Wil-
liams et al., '50; Litwack et al., '50, '52, '53a, b, '54). These
effects are usually attributed mainly to loss in apoenzyme.
Under certain conditions, however, the loss in enzyme ac-
tivity appears to be due to the inability of animals to syn-
thesize or maintain the proper metabolism of certain vitamin-
containing coenzymes 3 (Arata et al., '55). A comparison of
the effects of inanition (Miller, '48) with low- or non-protein
diets indicates that inanition generally produces less de-
crease in the activity of liver enzymes than the use of diets
low or lacking in protein.

Throughout the world, human dietary habits are found
which roughly correspond to the different feeding procedures
discussed above: (1) Restricted protein intake, (2) high
protein intake, and (3) restricted food intake. If, in addition
to these abnormal dietary patterns, one or more vitamins is
borderline or deficient, the storage and utilization of the vita-
min in question could he profoundly influenced.

The purpose of the present paper is to present results of
some of our studies on the relationship of protein and food
intake to storage of tissue vitamins, and thus to development
of vitamin deficiencies. The first vitamin chosen for these
studies is pyridoxine because of its central role in protein
and amino acid metabolism. In this work we have investigated
the effects of the dietary patterns listed above on the develop-
ment of a pyridoxine deficiency as measured by depletion
of the vitamin from the tissues of albino rats. To observe
the effects of dietary history on vitamin repletion, we have
also studied the restoration of tissue pyridoxine in rats which

had previously received the various dietary regimens defi-
cient in pyridoxine.

EXPERIMENTAL

Male albino rats of the Holtzman strain were used as ex-
perimental animals. Fifty-six rats, each weighing approxi-

3 Unpublished results from this laboratory.
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mately 75 grn, were separated into 5 groups of 8 to 12 rats
each. Group | (positive control) consisting of 8 rats, received
a ration containing, in per cent, vitamin-test casein,4 20;
Salts 1V,54; corn oil, 5; vitamin mix 6 plus 1 pg of vitamin
B 12 per gram of vitamin mix, 2; and sucrose, 69. Group Il
@negative control, 12 rats) received the same diet as group |
except that pyridoxine was omitted from the vitamin mix.
Group Il (restricted food intake, 12 rats) was fed the same
diet as group Il but was allowed only one-third of the quantity
of ration consumed by the rats in group | for the first 4
weeks. Group IV (high protein, 12 rats) differed from group
Il in that the casein in the ration was increased to 60% at
the expense of sucrose. In group V (non-protein, 12 rats)
casein was completely omitted from the diet and replaced
by sucrose. Vitamins A, D, E and K in 90% ethanol were ad-
ministered orally to the rats once each week to supply at
least twice the minimum requirement of the rat.

The animals were housed individually in raised-bottom
cages and were weighed once a week. After one month, 4 rats
from each of the groups were sacrificed; their livers, kidneys
and intestines were removed, weighed and kept frozen at
-4°C. until vitamin Be activity was estimated. The small
intestine (duodenum to the termination of the ileum) was cut
open and washed thoroughly with cold water before blotting,
weighing, and storing. To study the specificity of the various
effects on pyridoxine, riboflavin estimations were also carried
out on all of these organ samples.

Next, the effects of the previous feeding of the various diets
listed above on pyridoxine repletion were studied. After
the initial 4-week period, the remaining 8 rats of groups Il
to V were divided into two sub-groups of 4 rats each (groups
lHA, 1IB to VA and VB). Groups IIA to VA were fed the
20% casein, pyridoxine-deficient. ration; the others (groups
IIB to VB) were fed the same ration supplemented with

4 General Biochemicals Company, Inc.

EHegsted et al. ('41).
aWilliams and Elvehjem ('49).
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0.25 mg pyridoxine per 100 gm ration. All of the rats were fed
these rations ad libitum for two weeks after the initial 4-
week depletion period. The livers, kidneys and intestines were
then removed and treated as outlined above. Vitamin B6
activity was assayed using Saccharomyces carlsbergensis
(Atkins et al., '43). Two grams of liver and intestine and
0.5 gm of kidney were autoclaved with 100 ml of 0.055 N HC1
per gram of organ at 151b. for 4 hours to release the pyri-
doxine activity. After cooling and adjusting to pH 4.5, pro-
tein and other materials causing turbidity were removed by
filtration. Riboflavin was estimated in samples of the organs
by the fluorometric method of Loy (’49).

Pig. 1 Effect of the various regimens (* pyridoxine) on weight change in
rats.

A = 20% casein ration less vitamin Be from 4th to 6tli weeks.
B = 20% casein ration plus vitamin B, from 4th to 6th weeks.

RESULTS
Groivth

During the first 4-week feeding period, it can be seen (fig.
1) that the animals receiving the 20% casein, pyridoxine-
deficient ration ad libitum (negative control, curve I1)
reached a plateau and began to lose weight after three weeks.
The rats fed the restricted, pyridoxine-deficient ration (re-
stricted food intake, curve I11) lost weight slightly during the



PYRIDOXINE NUTRITION AND DIET 533

first week tut regained their initial weight and maintained
it thereafter over the first 4-week period. The animals re-
ceiving the 60% casein, pyridoxine-deficient ration (high pro-
tein, curve 1V) slowly gained weight throughout the first
4-week period. The rats fed the non-protein, pyridoxine-
deficient ration (non-protein, curve V) lost weight slowly, as
would be expected from the lack of protein alone.

In the second phase of the study (4th to 6th weeks), in
which all the rats were fed the 20% casein ration ad libitum,
supplementation with pyridoxine caused an immediate growth
response in all groups (curves IIB to VB). When these re-
sponses are calculated as percentage of the control group
(curve 1) for the same period, the maximum growth response
was observed in the initially semi-starved animals (group
I11B). The rats receiving the high protein diet (group 1VB)
responded least to pyridoxine supplementation. It is in-
teresting to note that the group initially fed the non-protein
diet (group VA) responded to the complete ration much less
than the initially semi-starved animals. The animals fed the
20% casein ration throughout the experiment (group I1A)
gained weight after pyridoxine supplementation to about the
same extent as the positive controls.

When the 20% casein-pyridoxine-deficient ration was fed
ad libitum from the 4th to 6th weeks (groups IlIA to VA),
the rats fed the 20% casein ration throughout (group I11A)
and those initially semi-starved (group I11A) lost weight.
However the groups initially fed the high-protein diet (group
IVA) or the non-protein ration (group VA) gained weight
from the 4th to 6th weeks.

Pyridoxine concentration of organs

The effects of the various dietary regimens on the pyri-
doxine activity and riboflavin concentration of the liver,
kidney and intestine are presented in figures 2 to 4. The
average pyridoxine values for the organs of the animals in
the various groups are indicated by the encircled points. The
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range of values for each group is indicated by the horizontal
lines below and above each average value.

After 4 weeks of feeding the 20% casein, pyridoxine-
deficient ration (group I1), the liver, kidney and intestinal pyr-
idoxine activity decreased to 28, 33 and 13%, respectively, of
that in the positive control group (compare corresponding-
points in figs. 2 to 4). No further drop in pyridoxine activity
was observed in these organs when the same deficient diet
was continued for two or more weeks (I1A). Liver, kidney

REGIMENS CASEIN CASEIN REGIMENS

Fig. 2 Results of pyridoxine deficiency and resupplementation on the vitamin
Be activity and riboflavin concentration of liver tissue of rats.

and intestinal riboflavin was unaffected by the simple pyri-
doxine deficiency.

The pyridoxine concentrations of the organs of the semi-
starved, pyridoxine-deficient rats (group I11) followed the
same pattern as in group Il, both for the first 4 weeks (l11)
and after shifting to ad libitum feeding (I111A). The riboflavin
content of the liver and of the kidney was unaffected, although
intestinal riboflavin was slightly decreased by the pyridoxine
deficiency when the animals were semi-starved for 4 weeks.

The rats fed the 00% casein, pyridoxine-deficient diet
(group 1V) followed the same pattern as those in group Il
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except that kidney pyridoxine was decreased even further
when the ration was changed to 20% casein minus pyridoxine
(IVA).

Only a slight decrease in pyridoxine concentration was ob-
served when the rats were fed the non-protein ration (group
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Fig. 3 Results of pyridoxine deficiency and resupplementation on the vitamin
B, activity and riboflavin concentration of kidney tissue in rats.
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Fig. 4 Results, of pyridoxine deficiency and rosupplementation on the vitamin
B. activity and riboflavin concentration of intestine tissue in rats.
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Y). In this group, after 4 weeks, liver, Kidney and intestinal
pyridoxine dropped only to 75, 71 and 50%, respectively, of
that of the control. When the rats were changed to the 20%
casein, pyridoxine-deficient ration (VA), however, the pyri-
doxine activity for all organs dropped markedly, giving values
close to those for the other pyridoxine-deficient groups. It
is interesting to note that liver and Kkidney riboflavin de-
creased significantly after 4 weeks of feeding the pyridoxine-
deficient, non-protein ration.

When the animals of all groups were fed the complete
ration ad libitum from the 4th to 6th week (11B to YB), the
pyridoxine activity returned completely to normal for all
organs.

DISCUSSION

From the growth response of the rats receiving the 60%
casein, pyridoxine-deficient ration, it is evident that' growth
does not necessarily reflect tissue pyridoxine levels. It is
possible that enough of the vitamin was present in the ration,
because of the high level of casein, to allow some growth,
since the casein contained about 0.5 jig of pyridoxine per
gram.7 This would give about 30 |ig of the vitamin per 100 gm
of ration, which conceivably is enough to allow the slow rate
of growth observed in this group. However, the pyridoxine
content of the tissues after 4 weeks had decreased to the
same levels as for the groups receiving the 20% casein,
pyridoxine-deficient ration or the semi-starvation, pyri-
doxine-deficient regimen. Thus, high protein apparently does
not produce a more pronounced pyridoxine deficiency after
4 weeks than the other regimens, as measured both by growth
and tissue concentrations of the vitamin. It would be interest-
ing, however, to study the change in tissue pyridoxine versus
time. Perhaps a high protein diet would induce a more rapid
loss than the other regimens.

When the semi-starved rats were changed to the complete,
20% casein ration and fed ad libitum, the highest rate of

7From data kindly supplied by General Biochemical Company. Inc.
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weight gain among all of the groups was obtained. This is
perhaps accounted for by rehabilitation of body tissues lost
during the initial semi-starvation. However, a similar re-
sponse might have been expected in the rats previously fed
the non-protein ration. Since this was not the case, it appears
that restricted feeding of an otherwise complete, pyridoxine-
deficient. diet produces changes which are quite different from
those produced by a non-protein diet. The difference in effects
of the two diets is further indicated by the fact that the
semi-starvation diet produced a greator loss of pyridoxine
from the tissues than the non-protein diet. Since the non-
protein, pyridoxine-deficient animals held considerable pyri-
doxine in their tissues after 4 weeks, protein supplementation
of the pyridoxine-deficient ration probably accounted for
the slow growth observed from the 4th to 6th weeks.
Thus the animals could utilize, at least for two weeks,
the relatively high levels of pyridoxine in the tissues, when
adequate protein was fed. The decrease in tissue pyridoxine
concentration during this period indicates that the tissue
pyridoxine either was being * used up” when protein was
added or that a reapportionment of pyridoxine concentra-
tions among the organs of the body was taking place.

One of the most important conclusions of these studies is
that regardless of the previous pyridoxine-deficient dietary
regimen (simple pyridoxine deficiency, semi-starvation, high
protein regimen, or non-protein regimen), the rat is able to
restore tissue pyridoxine concentrations to normal when a
complete, 20% casein ration is fed ad libitum for two weeks.
These experiments also indicate that, for developing a pyri-
doxine deficiency over a 4-week period, a 20% “ vitamin-free”
casein ration is as efficient as a high protein ration.

SUMMARY

1 The effects of various dietary regimens (commonly en-
countered among human populations) on pyridoxine nutrition
have been studied, using the rat. The regimens studied were
I, a normal diet, I, a normal diet without pyridoxine, 111,
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restricted intake of normal diet without pyridoxine, 1V, high
protein diet without pyridoxine, and V, non-protein diet
without pyridoxine, all for a 4-week period.

2. Regimen 1V, above, was found to produce the same de-
gree of loss of vitamin B6activity (approximately 75%) from
representative organs of the rat as a 20% level of the same
protein (I11), after 4 weeks. In this case also, the change
in weight was found to correlate poorly with tissue pyridoxine
levels.

3. "When regimen 111 was employed, vitamin Be in the
organs was decreased to the same extent as with diet Il.

4. Diet V caused only a 50 to 25% loss of vitamin Bein the
organs, depending on the one studied.

5. When rats receiving diets Il to V for 4 weeks were fed a
pyridoxine-deficient, 20% protein ration, no further changes
in the vitamin B6concentrations of the organs were observed
in groups Il to IV in two weeks. However, in group V these
concentrations were decreased further to the same levels as
for the other groups.

6. A return of groups Il to V to a complete, 20% protein
ration brought all concentrations of vitamin B6in the organs
to normal within two weeks. During this period, the relative
weight gain among the various groups decreased in the fol-
lowing order: 111, I, V, and IV.

7. The implications of our findings on the relationships
of eaJra-vitamin dietary factors to pyridoxine nutrition have
been discussed.
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Obesity has been produced in the rat by a variety of
methods. Although hypothalamic lesions have been used ex-
tensively for this purpose (Brobeck et al., '43; Brobeck,
'46), these lesions may involve other metabolic disturbances
(Mayer, '53). Forced feeding of either normal rats (Wis-
sler et al., '49) or thyroidectomized rats (Scow, '51) results
in the deposition of extra fat in the animals.

There are a few indications that obese rats have developed
on an ad libitum feeding regimen. Benedict and co-workers
('32) had one rat that reached a weight of 820 gm when fed
a purified diet (24% fat) supplemented with brewers’ yeast
and fresh lettuce. Ingle (’49) reported that rats raised in
small cages attained weights as high as 1kg on a semi-
liquid diet with no source of water other than that in the
diet.

In order to secure obese laboratory animals as free as
possible of other complications, obesity has been produced
in normal rats by feeding them a high-fat diet. When this
diet is fed cn an ad libitum basis to weanling male rats, about
70% of the. starting group reach weights close to 1000 gm
within 30 to 40 weeks.

1 Present address: Kirksville College of Osteopathy and Surgery, Kirksville,

Mo.
541
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TABLE 1

Composition of purified diets

TYPE OS’DIET HIGH-PAT HIGH-PAT HIGH-PAT LOW-FAT “best”
LOW-PAT 1
DIET NO. 10,001 10,004 10,024 10,010 4419A
% % % % %
Casein 2 25 25 25 30 25
Sucrose 7 6 1 61 65.6
Starch (vitamin B powder)3 i 2 2 2 2
Salts4 4 4 4 4 4
Crisco 5 60 60 60
Cottonseed oil containing:
Vitamins A and D 0 2 2 2 2 2
Vitamin E 7 1 1 1 1 1
Whole liver powder s 5
Cystine 0.3
Aureomyein 0.1
Niacin solution 2 mg/ml 1.0ml
Vitamin B2 solution 20 jug/ml 1.0ml

1This diet was developed by Dr. James M. Hundley and Mr. Robert Ing (un-
published data).

2Vitamin-free casein from General Biochemicals, Inc., Chagrin Falls, Ohio.

3Starch containing in each gram: 200 fig thiamine HC1, 300 ng riboflavin, 250
p.g pyridoxine HC1, 2 mg calcium pantothenate, 2 mg niacin, 100 mg choline chlor-
ide, 10 mg inositol, 1 mg biotin, 100 fig folic acid.

4HMW Salts from Nutritional Biochemicals Corp., Cleveland, Ohio.

6A hydrogenated fat made by Proctor and Gamble, Cincinnati, Ohio.

6Wesson Oil containing 0.5% Natola (secured from Parke-Davis, Inc.). The
Natola provides 550 I.1J. vitamin A and 110 L.TI. vitamin D per 100 gm diet.

1Wesson Qil containing 5 mg a-tocopherol acetate per 100 gm diet.

8Secured from Wilson and Co., Chicago, 111

EXPERIMENTAL

Work ivith adult rats. In the early stages of this study
adult rats were used. Male Sprague-Dawley rats weighing
about 300 gm were secured from the Institutes’ animal col-
ony. One-third of them were fed a high-fat diet (10,001,
table 1), another third were fed a low-fat diet (10,010, table
1), and the remainder were fed a stock diet..2

The adult Sprague-Dawley rats on the stock diet reached
an average weight of 425 gm after 36 weeks. At that time

2Hunt Club dog meal manufactured by Animal Foundation, Inc., Sherburne,
N. Y.
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the rats on the low-fat diet weighed 417 gm, while those on
the high-fat diet weighed 511 gm.

The observation that the rats on the high-fat diet even-
tually attained higher weights than did those on the other
diets suggested the possibility that still higher weights could
be secured more rapidly by forced feeding. Although the few
rats that survived the forced feeding3 reached weights of
750 to 800 gm in three to 4 months, the difficulties of the
procedure mitigated against its use as a practical means of
securing large numbers of obese rats.

More than 75% of the adult Sprague-Dawley rats main-
tained on the above dietary regimens for 6 months or more
developed middle ear or upper respiratory infections.

Work with weanling rats. To reduce the incidence of in-
fection, three- to 4-week-old male rats of the Osborne-Mendel
strain were secured from the Institutes’ animal colony for
the major portion of this work.

Groups of 5 or 10 rats were put on the 63% high-fat diets
(table 1), the low-fat diets (table 1), Ingle’s ('49) semi-
liquid diet,4 and a stock food. The action of penicillin 5added
to these diets was also studied. Since the high caloric density
of the high-fat diets might result in a reduced intake of some
nutrients, the level of the B vitamins was doubled (diet-
10,004). To provide for other nutrients that might be re-
quired and to determine their effect on weight gain, the high-
fat diets were supplemented with 5% whole liver powder
(diet 10,024) and vitamin B12

A few studies were made to compare the growth rate of
NTH black, Sprague-Dawley, and Osborne-Mendel rats on
the high-fat diets.

All rats on the above experiments were housed in indi-
vidual cages with wire-screen bottoms. They were given

3 Casein in the diet used for stomach tubing was fine enough to pass through
a 100 mesh screen. It was prepared by General Biochemicals, Inc., Chagrin Falls,
Ohio.

4lngle’'s (’'49) diet contained casein, starch, dextrin, sucrose, yeast, salts,

vitamins, and water.
6Penicillin G sodium was used throughout this work.
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food and water ad libitum except for the one group of rats
on Ingle’s semi-liquid diet which received no water other
than that which was in the diet.0 All diets were kept in a
refrigerator except when the food cups were filled.

In order to test Ingle’s (’'49) suggestion that rats kept
under conditions of limited movement become obese, one group
of weanling male rats of the Osborne-Mendel strain was
placed on Ingle’s ('49) diet and another on high fat diet
10,001. Half of the rats on each diet were put in cages that
measured inches wide by 94 inches long by 7 inches high,
the others were maintained in the regular size cages which are
twice as wide.

RESULTS

Obese animals developed when weanling male Osborne-
Mendel rats were put on any one of a variety of high-fat
diets (fig. 1). The composition of the diets could be varied,
the primary requisite being that the diets contain adequate
amounts of the essential nutrients, due allowance being made
for the caloric density of the diets (more than 85% of the
calories from fat).

In one of the early experiments the three surviving rats
fed one of the high-fat diets (10,004) weighed 790, 1000, and
1116 gm after 41 weeks on the diet (table 2). The heaviest
rat on the good, low-fat diet (10,010) weighed 692 gm which
was 98 gm less than the lightest one on the high-fat diet.
Even when the rats on the low-fat diet were maintained for
a total of 71 weeks they never approached the weights of the
rats on the high-fat diet. The rats on the stock diet were the
smallest.

4 In our early work the rats received water to drink on an ad libitum basis
since Ingle's paper makes no .mention of withholding water. He actually em-
phasized the fact that the obesity was produced ‘'by the ad libitum eating of
a diet which is appetizing to the animal.” It was only in the later studies with
this diet that water was withheld. When drinking water is withheld water
must be added to the food cup each day and mixed in with the residual diet.

Experience soon showed how much water to add to attain tiro consistency of
the original diet.
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Results comparable to the above were secured in other ex-
periments where slight modifications of the high-fat diet were
used. One of the ingredients studied at some length was peni-
cillin. The addition of this antibiotic at a level of 40 mg %
to a variety of high-fat diets produced no improvement in

Fig. 1 An obese Osborne-Mendel rat fed high-fat diet 10,024 supplemented
with vitamin BI2 and penicillin, and an age control raised on the stock diet.
The obese rat weighs 1445 gm, the control 555 gm.
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weight gain. For the combined series the weights of the rats
on the high-fat diets averaged 858 gin for the 43 rats which
survived out of the 60 started on experiment. The average
weights for the penicillin-supplemented series was 890 gm for
50 survivors (60 rats started). The high standard deviations
in this series reduced the significance of the difference not
only for the entire series but for the individual experiments.
Findings similar to these were observed when penicillin was
added to the stock and to Ingle’'s ('49) semi-liquid diets.
Another variation studied was the influence of vitamin B2
when added to the high-fat diets. When 2 jjg of vitamin BI>

TABLE 2

Influence of high-fat diet on weight gains. Weanling Oxborve-Mendel rats fed
diets ad libitum. All rats were weaned at about three week» of age.
There were 5 rats in each group at the start of the experiment

WEIGHT AT EXPERIMEXTAT. WEEK

0 5 10 15 25 41 SE.2
gn gm gm gm gm gm gm
Stock 1 38 223 327 375 429 504 = 28 (5)
Low fat (10,U10) 38 243 373 432 492 579 + 34 (5)
High fat, double vitamins
(10,004) 38 239 408 552 726 968 + 109 (3)

1Hunt, Club dog meal secured from Animal Foundation, Inc., Slierburne, N. V.
3S.E. = Standard error determined by method of Mantel ('51).
() Number of survivors at end of experiment.

were added to 100 gm of diet 10,004, the 8 rats remaining on
it at the end of the 40th week (10 started on experiment)
averaged 724 gm compared to 847 gm for the 8 remaining on
the basal diet (10,004). The vitamin B 2was tested since work
with the chick showed that very high levels of fat in the diet
increased the requirement for vitamin B2 (Spivey et al., '54).
It is recognized that McCollum and Chow (’50) reported that
the requirement for vitamin BJ2 was reduced by a high level
of fat in the diet.

The substitution of 5gm of whole liver powder for some
of the sucrose (diet 10,024) produced no improvement in
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weight gain. The 10 rats on this modification of the diet
averaged 807 gm at the 40th week of the experiment compared
to 847 gm for the rats on the unsupplemented diet. The whole
liver powder has been used in most of our recent diets in
spite of the fact that it did not increase the weight gain
of the rats. It is a good source of some of the nutrients which
might be unknown and it also provides about 3gm of extra
protein of a high biological value per 100 gm of diet.

The 10 rats kept on Ingle’s ('49) diet (plus an additional
source of water) in regular size cages weighed 666 gm after
44 weeks on the diet, while rats on the high-fat diet (10,001)
in the same size cages weighed 661 gm. The 9 surviving
rats on Ingle’'s diet kept in half size cages weighed 626 gm,
while rats on the high fat diet (10,001) kept in the smaller
cages weighed 665 gm. These results show that there was no
difference in the final weights attained whether the rats
were confined in small or regular size cages. The width of
the obese rats is such (fig. 1) that the smaller cages might
produce abrasions of the skin with subsequent infection.
Furthermore, none of the obese rats showed enough volun-
tary activity to suggest any appreciable caloric saving as a
result of restricting their already limited movements. The
small size cages are difficult to clean and to service. For
these reasons the use of these cages was abandoned.

In the experiments where the only source of water for the
rats on Ingle's ('49) diet was that in the diet, 7 rats sur-
viving at the 41st week (out of 10 started) averaged 787 gm.
The 8 survivors on the high-fat diet (10,004) averaged 924 gm.
The differences in final weights between the rats on Ingle’s
semi-liquid diet with no additional water and the rats on the
high-fat diet or variations thereof have ranged from 0 to
140 gm. The evidence indicates that with the Osborne-Mendel
strain of rat the high-fat diet produces as obese animals as
the technique proposed for this purpose by Ingle (’'49).

The weanling NIH black rats fed a high-fat diet (10,004)
attained an average weight of 356 gm after 25 weeks on the
diet. In another experiment the black rats on the high-fat
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diet weighed 556 gm after 50 weeks, while those on the stock
diet weighed 377 gm.

Although the Osborne-Mendel rats were the same weight as
the Sprague-Dawley at weaning, the former weighed 666 gm
after being on high-fat diet 10,004 for 25 weeks, while the
Sprague-Dawley rats at that time weighed 464 gm.

Since there did not appear to he differences in the degree
or incidence of obesity produced by any of the high-fat diets
used in these studies, all rats fed any of the high-fat diets
were pooled for the following: more than 60 rats (about 35%
of the starting group) attained weights above 1000 gm. An
equal number of rats reached weights between 800 and
1000 gm. On this basis approximately 70% of the rats fed the
high-fat diets became obese. The heaviest one in this work
to date weighed 1655 gm compared with 555 gm for its con-
trol on the stock diet.

The growth curves for the individual Osborne-Mendel rats
on the high-fat diet (fig. 2) showed only a small inter-
individual variation in rate of gain through the 10th week of
the experiment. After that there were marked individual
differences both in the rate of gain and in the final weights
attained. The curves in figure 2 represent the growth rates
of the three heaviest and the three lightest animals from a
randomly selected group of 10. The heaviest rat in this group
weighed 1290 gm. In this experiment 6 of the 10 rats ex-
ceeded 1000 gm, while the other 4 exceeded 800 gm. A large
proportion of the rats attained their maximum weights be-
tween the 40th and 50th weeks on experiment. After that
some rats showed a plateau in body weight. Eventually, how-
ever, they started to lose weight. The rate of weight loss in
the beginning was sometimes slow but finally the rats lost
30 to 50 gm per week. When this happened they usally died
within a short time. Some of the rats started to lose weight
after reaching the peak in their growth curves without an
intervening plateau.

The weight curves (fig. 3) for 6 of the rats on the ‘‘best’”’
low-fat diet show that there was a break at about the 15th
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Fig. 2 Growth curves for individual Osborne-Mendel rats raised an a liigh-
fat diet (10,030 = 10,024 + penicillin =~ vitamin B1). The curves for the three
heaviest and the three lightest rats in one experimental group are plotted.

Fig. 3 Growth curves for individual Osborne-Mendel rats maintained on
the “ best” low-fat diet 4419 A. The curves for the 4 rats weighing the most
at the end of the experiment and the two weighing the least are plotted.
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week of the experiment. At that time some of the rats started
gaining slowly and continued to gain for almost a year. Other
rats, however, showed a spurt in body weight gain which
began between the 20th and 30th weeks of the experiment. The
spurt was observed at a similar period in other groups raised
on different low-fat diets. The rats which showed the spurt in
weight gain continued to increase until some of them ap-
proached 1000 gm. On the basis of a body weight considerably
heavier than that of normal adults, these animals were obese.
The maximum weight attained in these animals occurred only
when the rats were about a year old.

The rats on the stock diet gained weight at a slower rate
than those on either the low- or high-fat diets and did not
exceed a weight of 660 gm even after one year. Their growth
curves showed a plateau similar to those for the lightest rats

in figure 2
DISCUSSION

Obesity has been produced in about 70% of normal weanling
rats fed a high-fat diet on an ad libitum basis. This is one
method for producing obesity by purely dietary means. The
obese rats are about 1cm longer than the controls on the
stock diet (as determined by nose to anus length). They
are, however, 1.5 to 2.5 times as heavy. These animals should
prove useful in studying various problems associated with
obesity or a weight reduction subsequent thereto.7

We have no explanation as to why rats fed any of the above
high-fat diets were unable to adjust their caloric intake to their
requirements. Of the three strains studied the Osborne-Mendel
rats attained the highest weights. One might suggest that the
Osborne-Mendel rats have an inherent tendency to become
obese. If that were true, they might be compared .to the
C3H mice which were shown by Fenton and co-workers (’'51a,
'51b, '53) to become obese when fed a 50% fat diet. Mice of
other strains did not respond in the same manner. However,

1Weight reduction has been accomplished using some of the obese rats weigh-
ing approximately 1000 gm. Work on this phase of the study will be re-
ported subsequently.
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it is unlikely that the obesity which developed in the Osborne-
Mendel rats fed high-fat diets was due to a genetic variation.
There has been no report of an inherent abnormality in the
NIH blade, Sprague-Dawley, and Osborne-Mendel strains
which results in obesity. Furthermore, all three strains, when
fed the high-fat diets, reached weights which were 1.5 to 2.5
times those seen in rats fed the stock diet. A small percentage
of the rats maintained on one of the low-fat diets for periods
of a year or more reached weights close to 1000 gm. The rate
at which the latter animals gained was slower and the final
weights attained were lower than those for rats on the high-
fat diets.

At first glance it appears surprising that so many rats be-
came fat when fed ad libitum. It is'claimed that animals do
not develop obesity under normal conditions (Mayer, '53).
Actually, many domesticated animals, especially older ones,
are likely to.get considerably heavier than the average adult
weight.. This is the case where the need for physical activity
is markedly reduced and abundant amounts of highly nutri-
tious diet are available. To a certain extent the above is com-
parable to the rats on the “ best” low-fat diet. Some of those
rats eventually attained weights close to 1000 gm ‘fig. 3).
These animals on the low-fat diet gradually increased in
weight after an initial levelling off in early adulthood.

The present study indicates that when rats of a rapidly
growing strain are fed a “ luxus” diet containing a high per-
centage of fat, a large number of the animals attain weights
which are about twice those normally seen in adults. The
high-fat diets appear to increase both the rate at which obesity
is developed and the maximum weight attained. The rats
grow to extreme weights without any sign of ketosis even
though the diet provides more than 85% of the calories from
fat.

A number of reports have appeared on the effect of feeding
rats high-fat diets. In none of these cases has there been
any indication that the animals become obese. Some inves-
tigators reported that the rats on their higli-fat diets grew
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faster than did the animals on the diet containing a lower
level of fat (Reed et al., '30; Hoagland and Snider, '40;
Haldi et ah, '42; Lundbaek and Stevenson, ’'47; Hoagland
et ah, '52). Others noticed no change in the growth rate of
the rats on their high-fat diets (MaeKay and Sherrill, '41;
Deuel et al., '47; Vitale et al., '51; Strominger et al., '53). In
many of these experiments the protein levels in the high-fat
diets were those that would he adequate for rats fed low-fat
diets. Because of the caloric density of high-fat diets, they
contain less protein per 100 calories. Since the rats on high-
fat diets do not consume as many grams of food as those on
low-fat diets, their protein intake in the preceding reports
might have been inadequate for normal growth. This and the
short experimental periods may explain the absence of
obesity in these studies.

It has been suggested that the rats on our high-fat diets
became obese because they ate more than their caloric require-
ment in order to overcome some dietary deficiency. The work
of Johnson et al. ('36) has been mentioned in support of such
a theory. Actually Johnson et ah (’'36) found that when wean-
ling rats were put on a low-protein diet, they stored slightly
more fat (5.2 gin) than did those on a normal protein intake
(2.8 gm). The small absolute differences in the fat content of
these rats are probably of no consequence in explaining the
marked differences in body weight of the rats on our high-fat
diets compared to the stock controls.

The preceding hypothesis implies that our obese rats have
consumed excessive amounts of the high-fat diets to overcome
a dietary deficiency. If this were so, then one would expect
either a reduction in weight or a lower maximum weight upon
correction of the deficiency. Every attempt to improve the
high-fat diet by increasing the protein level (by that in the
5+ whole liver powder), by adding extra vitamins (doubling
the water soluble vitamins and adding vitamin B12, and by
adding the possible growth factors in whole liver powder has
not reduced either the rate of gain or the maximum weight
attained by the rats.
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SUMMARY

1. Obesity has been produced in normal male rats by the
ad libitum feeding of a diet containing 63% of fat and ade-
guate amounts of vitamins, minerals and protein.

2. When weanling rats were fed this diet, they gained
weight at a higher rate than rats on our “ best” low-fat or
stock diets. Three strains of rats have shown the same re-
sponse. The maximum weight attained on the high-fat diet
was 1655 gm.

3. Approximately 70% of the weanling rats of the
Osborne-Mendel strain randomly secured from the stock col-
ony have attained weights over or close to 1000 gm when fed
the high-fat diet. We believe that the obesity does not result
from any genetic or hormonal disturbance.
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One of the potential hazards to health, which is demanding
attention since the Avidespread dissemination and use of
radioactive materials, is that resulting from the accidental
ingestion of the strontium isotopes, Sr® and Sr0. These iso-
topes are readily absorbed from contaminated food or water
and are deposited in the skeleton, Avhere they are retained
for very long periods (Hamilton, '47). Their beta particle
emissions can seriously impair the blood-forming functions
of bone marrow and"can induce bone tumors, if present in
sufficient quantity (Brues et al., '47). Several materials
have been shown to reduce the deposition of milligram doses
of nonradioactive strontium Avhen mixed Avith it and admin-
istered orally to rats. Phosphate Avas one such agent (Mac-
Donald et al., '52). Oral doses of natural, stable strontium
have been suggested as a therapeutic measure for radio-
strontium poisoning (Hamilton et al., '47; Gross et al.,, '53).

Because of their similarity in metabolic behavior, it seemed
reasonable that calcium also might affect the absorption and
retention of radiostrontium. That is, calcium might act as
a “ biological carrier” for Sr9. Indeed, an inhibitory effect

1  This paper is based on work performed under Contract No. AT-04-1-GEN-12

between the Atomic Energy Commission and the University of California at

Los Angeles.
555
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on radiostrontium retention afforded by the maintenance of
a high level of dietary calcium, prior to administration of the
radioisotope, has been reported (Copp et al., '47; Kidman
et al.,, '50). The purpose of the work reported here was
to determine what effect, if any, the calcium and phosphate
levels of various foods would have on the skeletal accumula-
tion of SrP put into the food.

EXPERIMENTAL PROCEDURES

Male albino rats were segregated into groups of 30. Fooc
was withheld for 24 hours. Sub-groups of 10 animals were
then administered Sr@Y D along with 20 ml of the test
food slurry by gavage. A control sub-group received the same
amount of radiostrontium mixed with distilled water or
strained beef. The suspensions were prepared by stirring
each powdered agent in distilled water. The radiostrontium
was administered as 0.20 ml of a water solution of carrier-free
SrP chloride in radioactive equilibrium with its daughter,
YD This represented an activity of about 3680 disintegra-
tions per second, as determined by dilution of this volume and
the counting of evaporated aliquots removed therefrom. After
48 hours, the animals were sacrificed, the femurs removed,
ashed, and dissolved in acid. Thereafter, an aliquot was
evaporated and counted with a thin-window Geiger-Muller
tube and conventional scaling circuit.

Calcium determinations were performed by precipitation
of the oxalate salt followed by titration with standard per-
manganate. The phosphate analyses were made by spectro-
photometric determination of the molybdivanadophosphate
complex according to the technique of Gee and Deitz (’53).

RESULTS AND DISCUSSION

Table 1 summarizes the results of the radiostrontium count-
ing data. The last column shows the effect of the material
which accompanied the radioisotope on the fraction of the
SrP0 dose which was found in both femurs.
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TABLE 1

The effects of various agents on accumulation of Sr®in rat hone

TREATMENT

Regular wheat cereall
Enriched wheat cereall
Controls: waters
Regular oats 0

Enriched oats 7
Controls: water

Green beans, strained
Spinach, strained
Controls: water
Orange juice, canned
Beef, strained
EDTA s
Controls: water
Rat dieto
Milk powdero
Controls: water
Milk powder w
Milk powdero

+ EDTA
Controls: water
Milk powderwo
EDTA
Controls: water
Milk powder 1L
Controls: water
Whole milk, homogenized
Controls: water
“ Pat-free” milk
Controls: water
Nar 04
CacCl,
Controls: water
Na,HP04
Nazxs04
Controls: water

Beef, strained + CaCl,
(20 mg Ca)

Beef, strained -f Ca2(P04),
(20 0g Ca)

Controls: beef, strained

Beef, strained + CacCl,
(100 mg Ca)

Beef, strained + Ca,(P04)2
(100 mg Ca)

Controls: beef, strained

Beef, strained + CacCl.
(200 mg Ca)

Beef, strained + Ca2(P04)2
(200 mg Ca)

Controls: beef, strained

WEIGHT
RANGE

gm

190-215

195-225

185-215

185-220

200-218

190-220

195-215

215-240

217-230

230-245

240-260

235-250

190-210

190-225

185-220

PER CENT OF
Sr®oose In
FEMURS 1

1.96 + 028
161 + 0.14
1.62 + 0.27
1.50 + 0.20
1.00 + 0.16
1.61 + 0.24
1.99 + 0.17
161+ 0.26
2.04 . 017
1.96 « 0.24
171+ 029
255. 0.32
207+ 0.16
227. 014
3.20: 0.26
3.25. 0.20

235: 0.15

212 : 031
166 + 0.11
193+ 0.20
2.72 -i- 0.40
216 + 0.40
151 + 021
127 + 031
0.88 = 0.06
182+ 0.14
1.80 + 0.18
228 + 031
0.97 + 0.14
0.22
242 + 0.45
144 + 0.32
156 + 0.20
2.38 + 0.59
249 + 0.14

W W

205+ 0.12

337+ 034
225+ 0.16

1.31 £ 0.12

329+ 0.14
1.74 + 0.10

0.98 + 0.09

346 + 0.32

P

VALUE 2

0.4

0.05

0.2

0.3
0.2

0.01

0.01

0.2

0.01

0.2

0.01
0.35

0.2

0.1

0.02

0.01

0.01

0.01

0.01

EFFECT 3

n.s.
n.s.

ns.
— 42

n.s.
— 21 (7)

n.s.
n.s.
+ 23 (7)

n.s.

+ 27 (?)

n.s.
n.s.

n.s.
— 52
—21(?)

— 60
n.s. (?)

— 39 (?)
—34(2)

— 26

— 39

— 32

— 60

— 49

— 72

1Mean percentage of the Sr~-Y® dose which was found in both femurs + the standard error.
2The P value for the statistical significance (“t” test) of the difference between the control
mean and the treated mean values.
3 Effect of the test treatment expressed in % of control value: (Test mean — control mean)
(100) = (Control mean).
4 Cream of wheat.
6When water was used as the control agent, 2.0 ml were given.
6 Quaker Oats
7 Pablum.
8 A solution of the disodium salt of ethylene diamine tetra acetic acid, adjusted to pH 6.3.
9Rockland.
10 Starlac
1 In this series, 1.5 gm of milk powder (Starlac) were given =twice the dose used in series
11, 12, 13 and 14.
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Table 2 sets forth a grouping of the results according to
the molar doses of calcium and phosphate or other anion.
The agent, EDTA,2was omitted since it contained no calcium
or phosphate. If its slight enchancing effect is real (series 9,
13 and 15), this might be explained as the result of increased
absorption from the gut via the SrQ chelate, followed by
displacement of the Sr®O from the complex by serum Ca
and deposition of this liberated radiostrontium in the bone.

There was a definite reduction in bone accumulation of
ingested SrOwhen mixed with materials in which the calcium
level was elevated. The reduction was even more pronounced
when the phosphate was also elevated. The various milk
products tested were notable exceptions to this generaliza-
tion.

The influences of the phytic acid content of the wheat and
oat products and the oxalic acid content of the spinach
remain undetermined at the present time. The same un-
certainty applies to the possible action of vitamin D which
may have been present in the agents. Nevertheless, the
reduction of Sr® bone burden with increase of ingested
calcium and phosphate is clear.

If one considers the series 23, 25 and 27, in which different
amounts of CaCl2were mixed with a dose of beef and Sr0
the influence of Ca++ alone is more readily diseernable.
Figure 1 presents these data on a semi-logarithmic plot.
The fraction of the Sr9 dose which was found in the hone
became smaller as amount of accompanying calcium was
raised, but progressively larger and larger doses of calcium
were required to maintain this trend. There are three lines
of speculation which may be directed to this experimental
finding:

1 If the quantity of calcium had exerted no influence on
the accumulation of Sr9, then there should have been no
observable change in bone burden of Srd) since the doses of
radioisotope were the same.

2 A solution of the disodium salt of ethylene diamine tctra acetic acid,
adjusted to pH 6.3.



TABLE 2

Doses c¢f materials accompanying radiostrontium administration

AGENT SENR(;I_ES AMOUNT GIVEN 1 Dcac;stl PdS:e » EFFECT CA?EEZRY 3
Beef + Ca3(P04)3 28 2ml beef+ 1 500 333 — 72
ml Ca solution
Beef + Ca3(P04)2 26 2ml beef + 1 250 173 — 60
ml Ca solution
Beef + Ca3(P04)2 24 Zrml gaeesljolut:ilon 50 0 _ 39 ::gn g%4
Milk powder 4 16 1.50 gm 55 38 n.s.
Milk powder 4 14 0.75gm 27 19 s,
Milk powder4 12 0.75gm 27 19 + 41 (?)
Milk powder 4 11 0.75 gm 27 19 n.s.
Rat diets 10 0.75 gm 21 18 — 30
Beef + CaCl, 27 2ml beef + 1 500 7 — 49
ml Ca solution
Beef + CaClj 25 2ml beef + 1 250 7 - 32 High Ca
ml Ca solution
Beef + CaCl. 23 2ml beef + 1 50 7 - 26 Low P04
ml Ca solution
CacCl. 20 0.377 gm 340 ns. (?)
Enriched oats 8 4 0.50 gm 4 ii — 42
19 0.56 gm 0 340 — 60
“gi%, 21 0.48 Sm 0 340  —39 Low Ca
(as High
hpo4> anion
Kazs04 22 0.48 gm 0 340 — 34
(as
S04)
Enriched wheat cereal7 2 0.75 gm 8 5 n.s.
Regular wheat cereal7 1 0.75 gm 0.3 3 n.s.
Regular oats3 3 0.50 gm 0.3 7 n.s.
Green beans, strained 5 2.0ml 2 3 n.s. tg‘x ICD:E(IM
Spinach, strained 6 2.0ml 8 6 — 21 (?)
Beef, strained 8 2.0ml 0.4 6 In.s.
Orange juice, canned 7 20ml 0 0.8 n.s.
Milk, whole, homogenized 17 2.0 ml 6 6 — 52
Milk, fat free 18 2.0ml 6 6 — 21 (?)

1When the amount given is expressed in grams, this weight was suspended in 2ml of distilled
water.

2Expressed in moles X 10+

3A high dose is arbitrarily defined here as more than 10 X 10-5 moles of either Ca or P04; a
low dose is less than this amount.

1Starlac,.
5Rockland.
OPablum.

7Cream of wheat.

8Quaker Oats.
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2. If the calcium had acted merely as an inert diluent,
mechanically decreasing the opportunities for Sr@ atoms
to be absorbed during passage of the administered material
through the intestinal tract, then the changes in bone burden
should have been much more pronounced. For example, the

e OF Sr90 DOSE IN FEMURS
Fig. 1 Effect of CaCl2 ou uptake of Sr® mixed with beef-water slurry.

Sr® to Ca ratio in series 27 was only 0.05% of the Sr9 to
Ca ratio of the control material, yet the retention of Sr@Qwas
51% of the control retention.

3. If the SrPD had been treated qualitatively in the same
fashion as calcium during digestion, then the effect of calcium
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dose on Sr9 retention in figure 1 is also indicative of the
utilization of the ingested calcium. The assumption here
is that the metabolic fates of strontium and calcium are
almost identical, in spite of possible quantitative differences
in such factors as ease of transport across biological mem-
branes, for example. In this light, the relatively few Sr®
atoms, which were mixed with the very large number of Ca
atoms, behaved as tracers for calcium movements. This
interpretation is compatible with the commonplace observa-
tion that the accumulation of calcium in the skeleton is
partly governed by the amount provided. Thus, within the
range of dosage used in the present experiments, the actual
amount of calcium retained in bone increased as the dose was
increased, but the percentage of the administered calcium
which was utilized, decreased. Whether or not the percentage
utilized is truly a logarithmic function of the amount of
calcium presented to the digestive organs cannot be deter-
mined from the inadequate data in this experiment. It
should be noted here that experiments now in progress,
together with a few allusions to the matter in the literature,
indicate that strontium is not a perfect biological tracer for
calcium. There are small quantitative differences in their
metabolic behavior. None the less, the inhibitory effect of
calcium on radiostrontium retention, under the conditions of
these experiments, may be ascribed to the “ carrier” action
of the former ion. That is, the greater the amount of calcium
accompanying a fixed quantity of Sr@) the greater the dilution
of the radioactive ions with respect to total alkaline earth
ions and therefore, the smaller the fraction of the Sr® dose
which is absorbed and retained.

Lacking direct evidence, it is not unreasonable to attribute
the inhibitory effect of phosphate ion to a precipitating action
on SrPin the gut. The reduced bone burden is thus a reflection
of the decrease in absorption of SrQions from the intestine.
This mechanism is strongly supported by the similar effects
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of HP04 and S04 which also form difficultly soluble precipi-
tates with strontium ions in vitro.

Further experiments to elucidate the anomalous behavior
of the various milk products and EDTA are to be performed.
Meanwhile, the authors suggest that the hazards of ingestion
of foods which might have become contaminated with radio-
strontium are significantly lessened by the calcium and phos-
phate in the foods naturally or by virtue of intentional enrich-
ment.

SUMMARY

Each of a series of common food materials, accompanied
by a fixed dose of SraY D was administered by gavage to
rats. The femurs were removed 48 hours later and analysed
for radiostrontium activity. The calcium and phosphate con-
tent of each of the materials was also determined.

There was a clearcut reduction of Sr®burden with increase
of ingested calcium. This reduction was even more pro-
nounced when the phosphate as well as the calcium dose was
elevated.

Some speculations concerning the inter-relationships of
orally administered calcium and Sr@were presented. Assum-
ing that Sr® acted as a “ tracer” for calcium, the results
implied that the percentage of an oral dose of calcium which
deposits in the skeleton, decreases as the size of the dose
increases.

It was suggested that the potential hazards from ingestion
of foods contaminated with radiostrontium are somewhat
diminished in proportion to the calcium and phosphate con-
centrations existing in the foods naturally or by enrichment.
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It is known that the degree of protein utilization is in-
fluenced by the nature of carbohydrate in the diet. Monson
et al. ('50) observed that chicks on a dextrin diet grew
markedly faster than those on a sucrose diet and that the dex-
trin diet passed through the digestive tract of chicks more
slowly than a sucrose or lactose diet. Monson et al. ('54)
also have reported that chicks receiving dextrin grew more
rapidly than those receiving sucrose when the level of casein
was 18% or less. However, when the casein content of the
sucrose diets was increased above 18%, growth approached
that of chicks receiving 18% casein with dextrin. These
authors suggested that dextrin exerts this effect largely by
permitting better utilization of dietary protein. Several AVis-
consin workers have reported the superiority of dextrin to
sucrose as a source of carbohydrate in the diet of rats IKrelil
et al., '46; Henderson et al., '47; Hankes et ah, '48; Lyman
and Elvehjem, '51), and the increase of xanthine oxidase
activity in the liver of rats fed dextrin in the place of sucrose
in the diets (Kring and AYilliams, '51; Harper et al., '53).
Harper and Katayama (’53) reported that rats fed 9% of
.casein grew faster when cornstarch replaced sucrose as the
dietary carbohydrate. Harper et al. ('53) reported further
studies along this line and they suggested that the utilization

565
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of dietary protein is improved when the sucrose in low-
protein diets is replaced by dextrin. Marshall and Womack
('54) have shown that rats fed 0.1% of essential amino acids
with sucrose had more negative nitrogen balances than rats
fed dextrin. Recently, Dreisbach and Nasset ('54) have com-
pared the absorption rates of glucose arising from corn
starch, banana meal and glucose and have reported that ab-
sorption of glucose arising from cornstarch is the slowest.

On the other hand, it has been shown that certain starches,
mainly those derived from tubers, are poorly utilized by ani-
mals. Booher et al. ('51) have reported that cereal stardies
are assimilated nearly perfectly and those from arrowroot,
white potato and sago palm showed low degrees of digesti-
bility. They suggested that digestion-resistant, properties of
the latter reside in the outermost layer of grannies. Sweet
potato starch occupied an intermediate position in their re-
sults. Jelinek et al. ('52) have reported the inadequacy of
unmodified potato starch as a source of dietary carbohydrate
for rats and the improvement of its utilization by several
treatments. Harper et al. (’'52) have shown that raw and
autoclaved potato starch in the diet induced a relatively
large excretion of endogenous nitrogen and amino acids.

It is the purpose of this paper to report a comparison of
the digestibility of sweet potato starch with that of corn
starch and potato starch, and to study the effect, of these
starches upon the digestion of dietary protein. Also some
further data on the effect of steaming and purification of
sweet potato starch upon digestion are presented.

EXPERIMENTAL

Design of experiment. The experiment was composed of
three series. Series 1 consisted of a comparison of the di-
gestibility of three kinds of starch, i.e. corn, sweet potato
and potato starch. Eight male rats of Wistar strain, weighing
300 to 400 gm, were housed in individual cages with raised
screen floors. The feeding plan is shown in the first 5 columns
of table 2. Each diet was fed, with the free supply of water,
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for 10 days and the feces were collected on a screen set under
the cage for the latter half of each period. Fifteen grams
of diet were given to each rat daily and all of the food was
consumed. Raw diet was given mixed with water, steamed
diet was mashed and steamed for 15 minutes. Test 7 was
done in May 1954 and was designed to check the seasonal
change in digestibility, the rats being fed the same diet as
that in test 1 which was finished in January 1954.

The effect of purification of sweet potato starch was studied
in series 2, using 6 rats of 230 to 310 gm body weight. This
seiies consisted of a comparison of the digestibility of raw
cornstarch and three kinds of sweet potato starch, i.e. raw,
purified and autoclaved, in the same manner as in series 1,
except that the daily food intake was 18 gm. It is supposed
that steaming of the diet decomposed some of vitamins and
protein. To avoid this, sweet potato starch was autoclaved in
the dry state at 110°C. for 24 hours, powdered after cooling
and mixed with the other nutrients. The diets in series 2 were
given mixed with water.

In series 3, metabolic fecal nitrogen was determined by the
method advocated by Mitchell ('24). The same rats as those
of series 2 were fed two kinds of low protein diet, one of which
contained raw cornstarch as the carbohydrate source, and
the other, raw sweet potato starch. Five per cent of whole
egg powder Aves given as the protein source in both diets.
Eighteen grams of diet Avere given daily mixed with Avater.

Starch. Starches used were the first grade commercial
stardes, the chemical composition of Ahich Is shewn in
table 1. In series 2, S\Eet potato starch Aes suspended and
settled 4 times in distilledwater. The upper and loner layers
Avere discarded and the starch Avas washed twice Avith alcohol
and once with ether, suspended and settled 12 times Avith
0.2% sodium hydroxide and Avashed Avith distilled Avater all
supematant became neutral.

Diet. The percentage composition of the diets fed in
series 1 Avas as follows: starch 65, butter fat. 10, casein 10,
fish meal 5, brewers’ yeast 4, cellulose (flour of filter paper)
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3, McCollum’s salt mixture no. 185 3. In series 2 and 3,
whole egg powder was used as protein source instead of the
mixture of casein, fish meal and yeast in series 1. The per-
centage composition of the diets fed in series 2 was as fol-
lows : starch 68, whole egg powder 23, butter fat 2, cellulose
3, salt mixture 3, and vitamin mixture 1. The low protein
diet used in series 3 contained 77% starch, 5% whole egg
powder, 10% butter fat, 3% cellulose, 4% salt mixture, and
1% vitamin mixture. One gram of vitamin mixture contained
2,5001.U. of vitamin A, 2001.U. of vitamin D, 1.0mg of
thiamine, 1.5mg of riboflavin, 10 mg of niacin, 1.0mg of
pyridoxine, 0.5 mg of folic acid, 0.5 mg calcium pantothenate,

TABLE 1
Chemical composition of starch

STARCH MOISTURE FREE EXTRACT BETERMINED
% % %
cs1 1415 8561 024
SPS 1661 8301 038
SPS (purified) 16.88 82.99 013
PS 1846 8124 030

1CS = cornstarch; SPS = sweet potato starch; PS = potato starch.

1.0 ng of vitamin B12 1.0 mg of vitamin E, 0.2 mg of vitamin
K, and 375 mg of ascorbic acid. Ingredients other than
starch showed no starch-reaction with iodine.

Analytical methods. The feces of each rat were collected
for 5 days and were air-dried and powdered. Their starch
and nitrogen contents were analyzed by the following
method: the sample was hydrolyzed with 0.6 N hydrochloric
acid, neutralized with 0.5 N sodium hydroxide and centri-
fuged. The reducibility of supernatant solution was deter-
mined iodometrically with Somogyi’'s phosphate reagent
(’45). In series 1, starch content was determined at the same
time by the method of Pucher et al. ('48). Starch was ex-
tracted with perchloric acid, precipitated as starch-iodine
complex, liberated by alcoholic sodium hydroxide and de-
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termined by the method above described. Nitrogen content
of the diet was determined by the Kjeldahl method and that
in feces was determined by the micro-Kjeldahl method of
A.0.A.C. (’50).

RESULTS

The results of this experiment are summarized in table 2
The digestibility of raw sweet potato starch was significantly
lower than that of cornstarch, though the difference was less
than 3%. Sixty per cent of raw potato starch was digested.
Both raw sweet potato and raw potato starch decreased the

TABLE 3
Variance analysis of series 1

F-RATIO
DEGREES

FACTOR OoF wt. of Digestibility eoeff.

FREEDOM feces Starch Nitrogen
11 7 16 18 06
M 2 5362 6212 2432
T i 7432 84 = 208 2
I x M 14 07 18 24
I x T 7 08 15 32
Mx T 2 5282 624 2 2212
I x Mx T 14 1 1 1

'l : individual difference, M: material, T: treatment.
2Significant at 3% lewel.

apparent digestibility of dietary protein. These effects of
raw starches upon the digestibility of dietary starch and
protein were not detected when the diets were steamed. Auto-
claving of sweet potato starch in the dry state, however,
showed little influence.

After the transformation of digestibility coefficient to arc-
sine and weight of feces to cubic root, the data of series
1 were analyzed statistically following the three-way layout
method (Wilks, '44). The effects of material, heat treatment
and individual difference and their interactions were studied.
F-ratios of this variance analysis are given in table 3. The
results of analysis show that factors of treatment, material
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and interaction between material and treatment are signifi-
cant at the 1% level. This means that the digestibility of
dietary starch and that of protein vary according to the kind
and the state of starch in the die- and that the effect of steam-
ing varies according to the kind of starch. The treatment was
most effective upon the potato starch diet and had little
effect on the cornstarch diet.

The difference in digestibility between test 1 and test 7
was too small to be statistically significant. Since this result
means that the seasonal difference in digestibility within
the period of this experiment is negligible, the difference due
to the order and the time of test may he left out of considera-
tion.

Tables 4 and 5 show diagrams of the differences between
the digestibility coefficients of the diets. Differences between
raw starch diets were always significant but those between
steamed diets were too small to be significant. The apparent
digestibility of protein when fed with steamed sweet potato
starch and potato starch was much improved. As shown in
table 5, the digestibility of both starch and protein was in-
ferior when sweet potato starch replaced corn starch. Nu-
trients in purified sweet potato starch diets, however,
were digested better than those in raw sweet potato starch
diet. Purified sweet potato starch seemed to take an inter-
mediate place between raw cornstarch and raw sweet potato
starch in nutritional value. There was no significant differ-
ence between autoclaved sweet potato starch and raw sweet
potato starch. It was observed that raw sweet potato starch
made very soft feces. Soon after the sweet potato starch diet
was given, some rats had diarrhea for several days. Espe-
cially, when low protein sweet potato starch diet was fed,
every rat suffered from severe diarrhea throughout the test
period. That the weight of feces from rats on this diet was
twice that of rats fed the low-protein cornstarch diet shows
this fact clearly. The diarrhea disappeared as soon as diet
was changed to the cornstarch diet. Raw potato starch made
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TABLE 4

Diagram of difference between digestibility coefficients
(Results of series f)

1CS = cornstarch; SPS = sweet potato starch; PS = potato starch.
2Significant at the 1% level.

TABLE 5

Diagram of difference between digestibility coefficients
(Results of series 2)

CS= cornstarch; SPS = sweet potato starch; PS = potato starch.
Significant at the 1% level.
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feces very large, white and sometimes caused diarrhea. This
may be due to the excretion of much undigested starch.

Dietary and fecal starch contents determined by the direct
hydrolysis method and by the method of Pucher et al. ('48)
are compared in table 6. Rather small differences between the
figures obtained by both methods are observed. Especially
the agreement of dietary starch content is satisfactory. Very
few reducing compounds other than starch are contained in
the diet used.

TABLE 6

Comparison of starch intake, output and digestibility coefficient determined by
direct hydrolysis (1) and by the method of Pucher et al. (2)

CONTENT DAILY DAILY DIGESTIBILITY
DIET IN THE DIET INTAKE OUTPUT COEEP.
H @ H @ 0 @ ® @
% % am am mg mg % %
CS1 raw 509 511 76 77 58 2 93 997
stearmed 509 511 76 77 B8 15 B9 98
SPS raw 501 512 75 77 22 8 %68 989
steamed 501 512 75 77 6l 7 92 99
PS raw 489 486 73 73 31442875 572 607
steamed 489 486 73 73 779 90 99

1CS = cornstarch; SPS = sweet potato starch; PS = potato starch.

The digestibility of whole egg with raw cornstarch, calcu-
lated from the data of tests 11 and 12, is 95%, which agrees
with the results of Mitchel and Bert ('54). As the rats had
diarrhea, it may not be valid to assume the fecal nitrogen of
test 13 as the endogenous value for rats fed the raw sweet
potato starch diet. Therefore, true digestibility of whole egg
with raw sweet potato starch is not known.

DISCUSSION

Coefficients of digestibility of starches shown in table 2
agree with those of Booher et al. ('51), whose coefficients were
calculated from the content of nitrogen-free extract, not on
direct measurements. It can be said that the direct hydrolytic
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procedure is satisfactory for the analysis of starch contained
in the diet and feces under the conditions of this experiment.
In series 1, starch was also analyzed by the extraction method
of Pucher et al. ('48). The result is compared with that ob-
tained by the direct hydrolysis method in table 6. It seems
reasonable to suppose that there exist in the feces fractions
of starch which are not absorbed and which are so small that
they do not precipitate with iodine and can not be determined
by the method of Pucher et al. Therefore, the digestibility
coefficient of starch based upon the data obtained by this
method does not represent exactly the degree of utilization
of dietary starch. The direct hydrolytic procedure always
involves the risk that the figures obtained thereby may be
higher than the true values on account of the possible ex-
istence of reducible materials other than sugars in the feces.
Comparing those merits, the direct hydrolysis method was
considered to be more satisfactory than for this specific de-
termination and was used in series 2.

Cornstarch supported better utilization of dietary protein
whether the protein was supplied as whole egg or a mixture
of casein, fish meal and yeast. Both raw sweet potato starch
and potato starch suppressed the utilization of dietary pro-
tein and they also caused diarrhea to a certain extent. How-
ever, the cause for this seems to be different for each starch.
Forty-three per cent of dietary raw potato starch, 92% of
which was in the form of starch large enough to precipitate
with iodine, was excreted little attacked by digestive enzymes,
in agreement with many previous workers’ observations
(Booher et al., '51; Jelinek et al.,, '52; Sakurai et al., '51).
This may be explained by the digestion-resistant properties
of the uppermost layer of the starch granule as Booher et al.
('51) suggested. The undigested starch granule, which will
excite the intestinal canal, and which will swiftly pass through
the digestive tract as Booher et al. ('51) observed, may be
the main cause of diarrhea and of low utilization of protein
in the potato starch diet. The digestion-resistance of potato
starch disappeared on steaming. In the case of sweet potato
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starch, on the contrary, fecal excretion of starch, determined
by the method of Pucher et al. (’'48), was very slight and this
means that a very small quantity of sweet potato starch was
excreted in the form of glucose chains long enough to pre-
cipitate with iodine. It is probable that some component of
the sweet potato which is carried along with the starch caused
diarrhea and that this in turn caused the decreased utiliza-
tion of dietary protein, rather than that this is caused by
the small quantity of digestion-resistant sweet potato starch
residue. The finding that the purification process was effective
in increasing the protein utilization and that the low-protein
sweet potato starch diet (test 13) caused severe diarrhea
without exception, adds support to the suggestion of the ex-
istence of some component which caused diarrhea. This
component may combine with starch firmly, may be heat
labile and rather water insoluble matter, and can be excluded
by washing with alcohol, ether and sodium hydroxide solution.

SUMMARY

The digestibility of sweet potato starch and the degree of
its effect upon the digestion of dietary protein were compared
with those of cornstarch and potato starch, by feeding adult
white rats diets containing one of these starches as the sole
source of carbohydrate. The coefficients of digestibility of
corn, sweet potato and potato starch were found to be 99, 97
and 57%, respectively. The differences are statistically sig-
nificant. When the diets were steamed, all starches were
utilized nearly perfectly and no significant differences were
observed.

Raw sweet potato starch caused diarrhea and markedly
decreased the apparent digestibility of dietary protein. This
effect was decreased when sweet potato starch was purified,
and disappeared when it was steamed. It is suggested that
some component of the sweet potato which caused diarrhea is
carried along with the starch, and that it would appear to
be heat labile and can be removed by washing with certain
solvents.



576 M. YOSHIDA AND H. MORIMOTO

Raw potato starch was little utilized and it also lowered
the apparent digestibility of the dietary protein. It is sug-
gested that the main reason for this is the heat-labile diges-
tion-resistant property of the potato starch granule.
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INTRODUCTION

Although many studies of the amino acid value of yeast
proteins have been reported, most of them have been studies
of brewers’ yeast and have been confined to a limited number
of amino acids (Stokes, Gunness, Dwyer and Caswell, ’45;
Horn, Jones and Blum, '50; Block and Bolling, '45; Edwards
et al., '46). Only a few studies have been reported in which
known genera of yeasts were investigated. Stokes and Gun-
ness ('46) studied the amino acid composition of Saccharo-
myces cerevisiae and Ehodotorula rubra and Edwards and
his co-workers (’46) reported on amino acid assays of Toru-
lopsis utilis. This yeast has also been studied by the Lake
States Yeast Corporation laboratories (’'52) and data are
presented for 14 amino acids. Kurth and Cheldelin (’46)
reported 9 amino acids in Mycotorula dipolytica, Hansenula
suaveolens and Torulopsis utilis. The purpose of the present
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study was to investigate the complete amino acid composition
of the proteins of yeasts not previously reported.

METHODS

The yeasts used in this study were Candida krusei (NRRL-
1736), Pichia membranaefaciens (ATCC 2254), Saccharo-
myces carlsbergensis (ATCC 9080) and Hansenula anomala

TABLE 1

Modified Wiclcerham’s medium used for growing yeasts
(Amounts used per liter of medium)

YEAST

C. krusei; P.
H. anomala | H. anomala 11 membranaefaciens;
8. carlsbergensis
Trace element solution 1 10 m 10 m 10 m
KH,PO, 1 gm 1 gm 1 gm
MgS04-7HD 05gm 05 gm 05 gm
NaCl 01gm 01 gm 01 gm
CaCl22H;0 01lgm 01 gm ax gm
Buffer solution 2 100 mi 100 ml 100 m
Glucose 2 gm 2 gm 100 gm
KNOa 35gm
(NH4 504 2287 gm 2287 gm
Biotin solution 3 2 mi
Vitamin solution 4 8 ml

‘Trace element solution, micrograms per 10ml: 500 HBO,; 40 CuS045HD;
100 K1; 200 PeCI3-6HjO; 400 MnS04-HD; 200 Na2Mo042HD ; 400 ZnSO,-7H,0.

“Buffer solution, grams per 100 ml: 1.54 citric acid; 1.391 Na2HP04

3Biotin solution: 100gg per milliliter.

4Vitamin solution, micrograms per milliliter: 100 thiamine; 100 riboflavin; 200
nicotinic acid; 100 calcium pantothenate; 100 pvridoxine; 100 pyridoxal; 25 para
aminobenzoic acid; 2 biotin; and 2 folic acid.

(NRRL Y365). The cells were grown in synthetic Wicker-
ham’s medium with glucose as the carbon source and am-
monium sulphate as the nitrogen source. Hansenula anomala
was also grown in a medium containing potassium nitrate as
the nitrogen source. The exact compositions of the media
are shown in table 1. The liquid medium was sterilized in
three- or 6-liter florence flasks, each equipped with a gas
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dispenser. Inoculum was added, and the flasks were incu-
bated at room temperature with aeration for three or 4 days.
It was necessary to add to the flask inoculated with Saccharo-
myces cartsbergmsis, an anti-foaming agent, 2-ethyl-lI-hexanol.
When a luxuriant growth had been attained, the cells were
removed from the liquor by centrifugation, washed three
times, and dried to constant weight in a vacuum oven. For
comparison, a sample of food grade debittered and washed
brewers’ yeast5 from the brewery was assayed.

Duplicate samples of each of the 6 yeasts were hydrolyzed
with 3 N HCI for 16 hours at 15 pounds pressure. After being
approximately neutralized and made up to volume, the hy-
drolysates were filtered and stored in the refrigerator until
used. For the tryptophan assays, duplicate samples of each
yeast were hydrolyzed with barium hydroxide according to
the method of Koch and Hanke ('48). All yeast hydrolysates
were assayed for 18 amino acids using the microbiological
method described by Schweigert, Guthneck, Ivraybill and
Greenwood (’'49).

On the day of the assay, the amino acids were weighed and
the assay medium was prepared from the stock solutions and
these amino acids, omitting the one being assayed. On the
same day a standard solution containing 200 jjg per milliliter
of the amino acid being studied was prepared. With an
appropriately diluted solution, duplicate tubes were prepared
using from 0 to 1.0 ml per tube in gradations of 0.1 ml. Two
tubes were also prepared using 1.0 ml of the original concen-
trated standard amino acid solution. Duplicate assay tubes
were prepared at levels of 0.2, 0.4, 0.6, 0.8, and 1.0 ml of yeast
hydrolysate. Distilled water was added to bring the volume
in each tube to 1.0 ml and finally 1.0 ml of the assay medium
was added to each tube bringing the final volume to 2.0 ml.
As duplicate samples of yeast hydrolysates were used, there
were 4 assay tubes for each concentration of unknown. The
media were sterilized, inoculated with appropriate test or-

3Kindly supplied by the St. Louis Brewers Yeast Corporation, 1514 North
Thirteenth Street, St. Louis, Missouri, lot no. 021252,
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ganisms and incubated for 72 hours at 30°C. After being
removed from the incubator the fermentation acids were
titrated immediately with 0.03 N NaOH or stored in the re-
frigerator prior to titration.

Average titration values of duplicate tubes agreeing within
10% of each other, at the 5 concentration levels of amino
acid or yeast hydrolysate, were used for the calculations.
Standard growth curves for the test organisms were con-
sidered valid when the blank was low, when the tube con-
taining 1.0ml of diluted amino acid solution approached
maximum growth, and when the intermediate values formed
a smooth curve with the steepest slope at the beginning of
the curve. Amino acid values in yeast hydrolysates were
determined from the standard growth curves. Assays were
repeated when fewer than three values in each of the dupli-
cate assays, 6 in all, were within a 10% range. The figures
reported are the average of all the values within this range.

Test organisms were maintained on stock agar stabs and
transferred weekly. The day preceding the assay, 10 ml of
the sterile culture medium without agar was inoculated from
the stock culture. After incubation for 24 hours the cells
were washed and suspended in sterile saline solution. This
was used as the inoculum for the assay tubes. Lactobacillus
arabinosus 17-5, [Streptococcus equinus (McClesky, '52)]
was used for the assay of glutamic acid, isoleucine, leucine,
tyrosine and valine. Leuconostoc citrovorum [Pediocotcus
cerevisiae (Felton and Niven, '53)] was used for alanine and
Streptococcus faecalis R for arginine, methionine, threonine
and tryptophan. For all other amino acids Leuconostoc mes-
enteroicles was used. These included aspartic acid, cystine,
glycine, histidine, lysine, phenylalanine, proline and serine.

The nitrogen value of the yeasts was determined by the
method of Willits and Ogg ('50) with slight modifications.
All samples were analyzed in quadruplicate with duplicate
blanks for each test. Results that varied more than 3% were
discarded.
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RESULTS AND DISCUSSION

The nitrogen values of the yeasts studied are shown in
table 2. The value obtained for brewers’ yeast, 8.76%, is
similar to values reported by other workers (Reisen,
Schweigert and Elvehjem, ’'46; Horn, Jones and Blum, '50;
Stokes, Gunness, Dwyer and Caswell, '45; Gunness, Dwyer
and Stokes, '46). The nitrogen values of the yeasts grown
under the conditions described above were somewhat lower.

This may be due to species differences or possibly to different
growth media.

TABLE 2

Total nitrogen and crude protein in five genera of yeasts

370. DN PROTEIN, GM
NAME OF YEAST SAMPLES

ANALYZED FGI’@ Ay % Diff. YEAST 1
M. anomala 1 4 6.69-6.88 6.81 2.84 426
S. anomala I1 4 6.82-6.99 6.88 240 430
C. Terusei 3 7.36-7.55 7.45 258 46.6
P. membranaefaciens 3 5.53-5.62 557 163 348
S. carlshergensis 3 7.15-7.32 7.23 238 452
Brewers' yeast 4 8.73-8.77 8.76 0.46 54.8

1Calculated as N X 6.25.

If protein of yeast is assumed to be 16% nitrogen, the
crude protein found in the yeasts studied ranged from 34.8%
of the dry weight of Pichia membranaefaciens to 54.8% of
brewers’ yeast, Although this assumption provides a simple
method of treating -the data so that comparisons may be
made, it should be considered only an approximation because
yeast is known to contain relatively large amounts of nucleic
acids and other nitrogenous materials. Carter and Phillips
(’44), in a review of early work on the nutritive value of
yeast, concluded that protein figures derived in this way
(N X 6.25) are 12 to 18% too high because of the large
amount of non-protein nitrogen found in yeasts. Their con-
clusion was based on reports of Meisenheimer (’'21) that
purines account for 8 to 13% of the total nitrogen, pyrimidines
for 4%, choline and glucosamine for 0.5% each; and reports
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by von Soden and Dirr (’42) that only 80% of the total nitro-
gen of yeast is protein nitrogen. In a more recent review,
Carter (’48) reports that Dirr and Decker (’44) subsequently
found only 65 to 76% of the total nitrogen of yeast to be
protein nitrogen. The amino acids found in the present study
account for 73 to 79% of the total nitrogen found in the

various yeasts.
TABLE 3

Amino acid values of yeast
(grams per 100 gm)

/:’2 |I g‘ so al'KI]'TI arﬁxn rugga nPé%qI)?- Cas?FSlB ’ YEAST
Alanine 25 19 19 14 19 2.7
Arginine 21 19 21 15 20 30
Aspartic acid 52 55 6.0 42 57 6.8
Cystine 004 0.05 0.08
Glutamic acid 47 6.0 50 45 6.5 6.4
Glycine 20 24 21 17 21 26
Histidine 07 07 09 06 10 10
Isoleucine 18 25 22 19 20 21
Leucine 30 37 35 28 33 37
Lysine 33 36 37 27 37 45
Methionine 03 04 08 0.6 05 06
Phenylalanine 16 20 20 15 18 21
Troline 17 19 17 12 17 21
Serine 12 12 12 0.8 13 13
Threonine 19 21 23 17 21 21
Tryptophan 05 05 05 04 05 0.6
Tyrosine 14 19 18 13 17 18
Valine 24 28 27 21 25 29

Total N 6.81 6.88 745 557 723 8.76

The quantities of amino acids found in the yeasts are shown
in tables 3 and 4. Amino acid values of yeasts reported in
recent literature, most of which were obtained by microbio-
logical assay, are shown for comparison in tables 5 and 6.
It will be seen that although there are many differences in
the amino acid composition of various yeasts there are also
striking similarities. All yeast proteins contain the 8 so-
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called nutritionally essential amino acids, making them poten-
tial supplements of poor quality proteins. All are relatively

good sources of lysine; all are relatively poor sources of
cystine and methionine.

Although the alanine, arginine, aspartic acid, glutamic acid
and other amino acids of these yeasts contribute to the nutri-
tive value of their proteins, special comment will be made

TABLE 4

Amino acids in yeast protein
(% of protein [N X 6.25])

E. E. c

e adm adn G e s e
Alanine 59 43 40 41 42 50
Arginine 50 44 44 42 44 54
Aspartic acid 12.2 127 12.8 12.0 12.6 123
Cystine 01 01 01
Glutamic acid 109 139 10.8 130 144 11.6
Glycine 46 55 45 47 46 48
Histidine 16 17 19 1.8 2.1 1.8
Isoleucine 42 58 47 55 44 38
Leucine 71 8.6 75 80 72 6.8
Lysine 7.7 84 79 76 8.2 8.2
Methionine 07 09 1.8 17 1.2 11
Phenylalanine 38 47 43 43 40 38
Proline 40 43 36 36 37 38
Serine 2.8 2.8 2.6 23 29 24
Threonine 45 49 49 49 46 38
Tryptophan 1.2 12 1.1 1.1 1.1 1.1
Tyrosine 34 44 39 37 37 33
Valine 56 6.5 58 6.0 55 53

Total N, % 6.81 6.88 745 557 723 876

only about the 8 essential amino acids, and comparisons will
be made with the amino acid values of other foods (Horn,
Jones and Blum, ’'50). Isoleucine values of the yeasts ex-
amined in this study are quite similar. Hansenula unotnala 11,
i.e., cells grown on ammonium sulphate medium, and Pichia
membranaefaciens are the best sources of this amino acid
with values well above that obtained for brewers’ yeast. The
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isoleucine levels of these two yeasts are similar to those of
milk and beef proteins, which are considerably higher than
the isoleucine values of vegetable proteins. The leucine
values of all yeasts are well below that of milk and egg
protein and similar to most vegetable proteins. The lysine
content of all the yeasts studied is similar to that of the
brewers’ yeast, milk and egg protein. All of these are richer
sources of lysine than are vegetable proteins.

TABLE 5

Amino acid vahtes of yeasts reported in the literature
(grams per 100 gm)

Saccharo- Rhodator- ~ Myeator- - Hansen- g BREWERS’ YEAST
sis

AMINO ula ula

ACIDS oerrreb\,/ci(saisaey rtjtl)ellaZ I?rltlpgas ey ills 4 5
Arginine 24 37 32 29 31 26 2.26
Histidine 207 199 14 14 15 12 0.78
Isoleucine 25 21 35 37 37 24 242
Leucine 38 33 37 36 38 41 325
Lysine 31 30 44 43 44 37 35
Methionine 0.65 053 0.79 053
Phenylalanine 21 172 24 24 23 25 179
Threonine 24 179 25 24 25 29 254

Tryptophan 0.59 045 03 03 03 06
Valine 28 25 31 33 33 31 254
Total N, % 8% 895 9.14 771

1Reisen, Schweigert and Elvehjem, '46.
2Stokes and Gunness, '40.

3Kurtli and Cheldelin, '46.

4Stokes, Gunness, Dwyer and Caswell, ’45.
5Horn, Jones and Blum, '50.

The amount of methionine determined in this study for
brewers’ yeast is similar to that reported by other workers
(table 5). Among the yeasts studied, Candida krusei is the
best source of methionine, 1.8%. In evaluating the methionine
value of a protein, cystine values should also be taken into
consideration. Yeast protein is known to be deficient in both
of these sulphur-containing amino acids. Results obtained
for cystine in this study are below those obtained by earlier
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workers and probably do not represent the true cystine con-
tent of these yeasts. Autoclaving temperatures are known
to destroy a large part of the cystine present in a sample
(Reisen, Spengler, Robblee, Hanks and Elrehjem, ’'47). It
is probable that the figures presented should be considered
as approximate and taken as an indication that these yeast
proteins contain very little cystine.

The phenylalanine values for all the yeasts studied are simi-
lar to those previously reported for other yeasts and to milk,
meat and vegetable proteins. Threonine values of the pro-
teins of yeasts grown in this laboratory are all above the
values for brewers’ yeast. However, they are comparable to
amounts found by other workers (table 6). The tryptophan
levels are similar to those reported from other laboratories.
They are also similar to values reported for milk and meat
proteins, but below egg proteins. Yaline values for all yeasts
studied are similar to those previously reported. In this
study Hansenula anémala Il contained the greatest amount
of valine. Yeast proteins as a source of this essential amino
acid are exceeded only slightly by milk and egg proteins.

Yeast protein is equal or superior to most vegetable pro-
teins with respect to the quantities of all the essential amino
acids it contains, and it compares favorably with good quality
animal proteins except in methionine. If it is ever to serve
as a substitute for animal protein the methionine content
must be increased either by finding a strain of yeast that
produces more methionine or by encouraging its production
through changes in the growth medium. This problem has
been studied by Chiao and Peterson (’53), who found that
changes in the growth medium could increase both the amount
of protein and the amount of methionine produced by a given
species, but that the methionine value of the protein remained
constant. Of 20 species studied by these workers, methionine,
expressed as per cent of dry weight of yeast, varied from
0.17% for Endomycopsis fubuliger to 1.0% for Rhodotorula
gracilis.
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In the present study Hansenula anomala was grown on
both nitrate and ammonium media. Although the total nitro-
gen of these two samples was the same, 6.81 and 6.88% re-
spectively, the amino acid compositions were quite different.
The yeast grown with ammonium sulphate contained more
glutamic acid, glycine, isoleucine, leucine, phenylalanine, tyro-
sine and valine and less alanine and arginine than the same
yeast grown on nitrate medium, although the growing con-
ditions and other components of the media were identical.

SUMMARY

The complete amino acid composition of the proteins of
4 genera of yeasts not previously reported were determined
by the microbiological assay method. The yeasts studied,
Candida krusei, Pichia membranaefaciens, Sacckaromyces
carlsbergenesis, and Hansenula anomala, were grown under
standardized conditions in synthetic Wickerham’s medium
containing glucose and ammonium sulphate. Hansenula anom-
ala was also grown on identical medium containing potassium
nitrate. Brewers’ yeast was assayed for comparison, and
several amino acids are reported herewith for the first time.

The total nitrogen of the yeasts varied from 5.57% in
Pichia membranaefaciens to 7.45% in Candida krusei, some-
what lower than the brewers’ yeast value of 8.76%. Amino
acids accounted for 73 to 79% of the total nitrogen in the
various yeasts. All yeasts studied contain the 8 so-called
nutritionally essential amino acids making them potential
supplements of poor quality proteins. All are relatively good
sources of lysine; all are relatively poor sources of cystine
and methionine. Hansenula anomala grown in the ammonium
sulphate medium contained the same amount of protein as
that grown in the potassium nitrate medium but the former
contained more glutamic acid, glycine, isoleucine, leucine,
phenylalanine, tyrosine, and valine and less alanine and ar-
ginine than the latter, although the growing conditions and
other components of the media were identical.
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STUDIES ON THE UTILIZATION OF DIETARY
ISOLEUCINE BY THE GROWING
ALBINO RAT

i. ISOLEUCINE REQUIREMENTS DETERMINED WITH AMINO
ACID MIXTURES

R. M FORBES, LUCILE VAUGHAN AND H. W. NORTON
Division of Animal Nutrition, University of Illinois, Uriana

(Received for publication July 11, 1955)

The requirement of the growing albino rat for dietary
L-isoleucine has been investigated by Rose et al. and by
Hegsted et al. Rose et al. ('49) reported that 0.50% of 1-
isoleucine of the diet is the minimum amount consistent with
maximum growth and (Rose et al., '48) that amino acid mix-
tures containing nitrogen equivalent to 12.5% of conventional
protein are required for maximum growth. Thus, under these
conditions, one is led to conclude that the rat requires 4.0%
of L-isoleucine expressed as a percentage of the dietary pro-
tein. Hegsted et al. (’45), using human serum albumin at 20%
of the diet, reported that the total L-isoleucine requirement
of the growing rat is 0.78% of the diet, or 3.9% of the protein.
These results support the view that L-isoleucine requirements
may be best expressed as a percentage of the dietary protein.

The following experiment was designed to investigate fur-
ther the L-isoleucine requirement as affected by nitrogen con-
centration, employing exogenous urinary nitrogen excretion
as a percentage of nitrogen intake as the criterion of 1-
isoleucine adequacy of the diet.
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PROCEDURE

Twenty-eight weanling male albino rats of Sprague-Dawley
strain were individually fed ground stock ration up to 6 gm
daily for a three-day preliminary period. They were then
allotted at random for feeding the test diets. Throughout the
experiment food intake was restricted to 6 gm of diet per day.
After the assignment of rats to position in the experiment, a
4-day period of adjustment to the amino acid-containing diets
was employed during which time all rats received L-isoleucine
at a level of 2.5% of the amino acid mix. The first of three
contiguous experimental periods followed this adjustment
period. Each period consisted of 6 days, urine being collected
separately from each rat for the last 4 days of each period,
using 50 ml of a solution containing 2% of copper sulfate and
1% of sodium fluoride to preserve the urine. The diets, shown
in table 1, were designed to be complete except for isoleucine.
The amino acid mix was incorporated so as to provide 10 or
18% of the diet. Seven levels of isoleucine supplementation
to each level of amino acid mix were obtained by the addi-
tion of appropriate amounts of a solution containing 24 mg
of Dn-isoleucine per milliliter to each diet at the time of feed-
ing. Levels of isoleucine supplementation were chosen to be
equivalent to 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.5% of L-isoleucine
added to the amino acid mixture. Total nitrogen was de-
termined on the mixed diets by macro-kjeldahl, and on the
collected urine by micro-kjeldahl analysis.

The basic design was a Youden square, each isoleucine level
occurring in each of the three experimental periods, each of*
7 rats receiving a different isoleucine level in each period,
and each isoleucine level occurring once on the same rat with
each other level. Two such squares were used for each level
of amino acid mix. The assignment of rats to sets of isoleucine
levels and levels of amino acid mix was randomized. A Youden
square of the kind used appears in table 2, rats being desig-
nated by number and isoleucine levels by letter.
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TABLE 1
Composition of Toasal diets

INGREDIENT 1(PA)AMINO ACID 1 180A)AMINO ACID 2
DIET DIET
% %
AMINo acids s
Non-essential 513 9.24
Essential 487 8.76
Salts 446 * 4.00 4.00
NaCl 1.00 1.00
NaHCO03 0.80 140
Vitamin mix 6915 5.00 5.00
Cod-liver ail 150 150
Wheat germ oil 0.50 0.50
Corn oil 15.00 15.00
RoughageO 200 200
Sucrose 30.10 58C
Starch 30.10 25.80

' By analysis contained nitrogen equivalent to 8.49% conventional protein.

2By analysis contained nitrogen equivalent to 15.30% conventional protein.

3Contained amino acids as follows, expressed as percentage of the conventional
protein equivalent: glutamic acid 14.80, DL-serine 3.74, glycine 521, L-tyrosine
1045, L-cystine 148, L-proline 6.71, L-asparagine 9.10, DL-alanine 895, L-lysine
HC1 8.15, L-arginine HCL 4.92, DL-tryptophan 1.31, DL-phenylalanine 5.90, DL-leucine

10.50, DL-threonine 6.55, DI-valine 9.15, DL-methionine 3.86, DL-histidine HCI-HO
7.10.

4Spector ('48).
5Forbes and Vaughan (’54).
"Woodfloek, obtained through the Brown Company, Portland, Maine.

TABLE 2
Design of experiment
RAT 1 2 3 4 5 6 7
Trial 1 A B C D E F G
Trial 2 B C D E F G A
Trial 3 D E F 6 A B c
RESULTS

The data on urinary nitrogen excretion were corrected for
endogenous nitrogen (based on estimated body surface area)
and, as finally used in calculations, represent the exogenous
nitrogen excreted daily expressed as a percentage of the
nitrogen intake. These values are given in table 3.



596 R. M. FORBES, L. VAUGHAN AND H. W. NORTON

Tlie data reveal a highly significant (P < 0.01) reduction
in error by correcting nitrogen excretion for variable food
intake, a highly significant (P < 0.01) effect of amino acid
mix level, both before and after adjustment for food intake,
and of isoleucine level before adjustment, and a significant
(P < 0.05) effect of isoleucine level after adjustment but no
interaction between level of amino acid mix and level of iso-

leucine.
TABLE 3

Exogenous nitrogen cxireted daily, expressed as percentage of total nitrogen intake

L-ISOLEUCINE 8.49% CONVENTIONAL PROTEIN EQUIVALENT RATION
(% OF CONVENTIONAL

PROTEIN EQUIVALENT) 1.76 2.35 2.94 3.53 4.12 4.71 5.30
Period 1 61.2 440 3L9 265 370 271 358
440 423 315 280 409 26.6 319
2 485 3H3 36.0 260 322 50 307
61.0 542 25 240 308 315 308
3 582 432 A3 %7 24.7 217 260

615 402 336 416 268 350 350

15.30% CONVENTIONAL PROTEIN EQUIVALENT RATION

Period 1 765 508 216 420 B0 402 380
64.5 43.7 395 353 4.3 36.2 35.0

2 743 485 443 475 36.0 37.0 307

706 59.2 4.7 433 402 358 390

3 56.7 485 520 435 44.3 47.7 412

57.0 54.0 510 455 %68 451 48.0

The bending point of the bent line (falling straight, then hori-
zontal) representing nitrogen excretion as related to 1-
isoleucine level, estimated by least squares, was found to be
at a level of 2.2% of the amino acid mix. or 2.6% of the
conventional protein equivalent of the diet. This value was
independent of the level of conventional protein equivalent
of the diets, 8.49 and 15.30%.

DISCUSSION

As stated previously, the food intake of each rat was limited
to 6.0gm daily. However, animals receiving the two lower
levels of isoleucine supplementation consumed an average of
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4.3 and 4.9 gm/day. Hence nitrogen excretion was corrected
for variable food intake, reducing the error variance from
10.14 to 5.53, with 23 degrees of freedom.

The minimum level of n-isolencine found in this experiment
to he required for minimum nitrogen loss in the urine is con-
siderably lower than the 4.0% level derived from Rose’s data
and reported by Hegsted to be required for maximum weight
gain. Several explanations may be offered for this difference.
The present study attempted to find the point to which .-
Isoleucine might be lowered without inhibiting the efficiency
with vdiich the dietary protein was used. This may differ
from the level required to produce maximum weight gain
under those ad libitum feeding conditions which are not de-
signed to study efficiency of utilization but only the over-all ef-
fects of consuming variable amounts of rations of different nu-
tritive value. Hegsted's investigation was carried out using
a natural protein as the major nitrogen source, and while
his technique was similar to Rose’s, a further complication
is the possibility that the isoleucine in human serum albumin
preparation was not completely available to rats. The results
of a series of investigations conducted in this laboratory to
investigate this latter point are being prepared for publica-
tion and seem to support this interpretation.

SUMMARY

The minimum amount of L-isoleucine required to promote
minimum wastage of dietary nitrogen by growing albino rats
fed diets whose nitrogen was supplied as amino acids amount-
ing to 8.49 and 15.30% conventional protein equivalent was
found to be 2.6% of the conventional protein equivalent of the
diets, irrespective of the total nitrogen content of the diet.
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OSBORNE AND MENDEL AWARD

Nominations are invited for the Osborne and Mendel Award
of $1000.00 established by the Nutrition Foundation, Inc., for
the recognition of outstanding accomplishments in the general
field of exploratory research in the science of nutrition. It
shall be given to the investigator who, in the opinion of a
Jury of Award, has made the most significant published con-
tribution in the year preceding the annual meeting of the
Institute, or who has published a series of contemporary
papers of outstanding significance.

The Award will be presented at the annual meeting of the
American Institute of Nutrition.

The recipient will be chosen by a Jury of Award of the
American Institute of Nutrition. As a general policy, the
Award will be made to one person. If, in the judgment of the
Jury of Award, an injustice would otherwise be done, it may
be divided among two or more persons. Normally preference
will be given to research workers in the United States and
Canada, but investigators in other countries, especially those
sojourning in the United States or Canada for a period of
time, are not excluded from consideration. Membership in
the Institute of Nutrition is not a requirement for eligibility
and there is no limitation as to age.

Nominations may be made by anyone. Nominations for the
1956 Award, accompanied by data relative to the accomplish-
ments of the nominee, must be sent to the Chairman of the
Nominating Committee before January 1, 1956. For details
of nomination procedure, write to Chairman of the Nomi-
nating Committee.

Chairman, Nominating Committee;
Dr. Otto A. Bessey
Department of Biochemistry and Nutrition

University of Texas Medical Branch
Galveston, Texas
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BORDEN AWARD IN NUTRITION

Nominations are solicited for the 1956 Award and a gold
medal made available by the Borden Company Foundation,
Inc. The American Institute of Nutrition will make this award
in recognition of distinctive research by investigators in the
United States and Canada which has emphasized the nutri-
tive significance of the components of milk or of dairy prod-
ucts. The award will be made primarily for the publication
of specific papers during the previous calendar year, but the
Jury of Award may recommend that it be given for important
contributions made over a more extended period of time not
necessarily including the previous calendar year. The award
is usually given to one person, but if in their judgment cir-
cumstances and justice so dictate, the Jury of Award may
recommend that it be divided between two or more collabo-
rators in a given research. The Jury may also recommend
that the award be omitted in any given year if in its opinion
the work submitted does not warrant the award. Membership
in the American Institute of Nutrition is not a requisite of
eligibility for the award. Employees of the Borden Company
are not eligible for this honor.

The formal presentation will be made at the annual meet-
ing of the Institute in the spring of 1956. To be considered
for the award, nominations must be in the hands of the Chair-
man of the Nominating Committee by January 1, 1956. The
nominations should be accompanied by such data relative to
the nominee and his research as Avill facilitate consideration
for the award. For details of nomination procedure, write to
Chairman of the Nominating Committee.

Chairman, Nominating Committee:
Dr. Gladys Everson

Department of Home Economics
University of California
Davis, California
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