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Brain Response to Protein Undernutrition

MECHANISMOF PREFERENTIALPROTEIN RETENTION
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A B S T R A C T This study was designed to determine
how the brain, in contrast to most other tissues, main-
tains an almost normal protein content during a period
of dietary protein deficiency. Administration of leu-
cine-3H to rats was started during a period of early
development (6-18 days) which is characterized by
disproportionately rapid brain growth; later (24-33
days) leucine-"C was administered, when brain growth
diminishes but total body weight gain continues to be
rapid. At 35 days of age the ratio of 8H: 14C in cerebrum,
cerebellum, and brain stem protein averaged between
1.63 and 1.82. In skeletal muscle, liver, myocardium, and
intestinal mucosa the mean 3H: 14C was 1.07 or less. Then,
a diet containing either 26% or 3.4% protein was ad-
ministered. In animals fed the 26% protein diet, 'H :4C
in the three brain segments remained essentially un-
changed over a 42 day period. In contrast, in the 3.4%
protein group 'H: 14C in brain decreased to values ap-
proaching those of other tissues in the body: cerebrum,
1.18; cerebellum, 1.20; and brain stem, 1.16. The results
suggest that conservation of brain protein is not due en-
tirely to the long life-span of its cellular components or
to efficient reutilization of the products of protein catabo-
lism but through utilization of amino acids from degra-
dation of protein elsewhere in the body.

INTRODUCTION
Starvation and protein-calorie undernutrition result in a
decreased rate of growth or loss of total body weight
(1). However, the effect on individual organs and cell
types is far from uniform (2-6). Skeletal muscle and
liver account for a major portion of the weight deficit
under most conditions of undernutrition, whereas other
tissues, such as brain, appear to be spared. The factors
responsible for the relatively protected status of the
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brain in respect to size and protein content are not yet
defined.

Certain characteristics of growth and development of
the brain could account for its relative resistance to the
effects of undernutrition. Brain growth is disproportion-
ately rapid during early development (7), particularly in
the intrauterine and nursing periods which are also char-
acterized by the best assurance of adequate nutrition
from maternal sources. At weaning, the brain weight and
cell number in most mammals is close to that of the adult
(7). The effects of malnutrition are often most pro-
found in rapidly growing tissues (5) and, in fully grown
animals, in those tissues with a rapid rate of cell re-
placement such as blood, intestinal mucosa, and epithelial
tissues (8, 9). There is very little cell proliferation or
cell replacement in the adult brain (10).

An additional factor favoring the retention of protein
by the brain is that many cellular components of nervous
tissue, particularly nerve collagen and lipoprotein frac-
tions of brain, appear to have a long lifespan-in excess
of 150 days in the rat (11, 12). Thus, the requirement
for dietary substrates to replace loss of degraded protein
components of these cells should be much less than in an
organ such as the liver which, in spite of a slow rate of
cell renewal, replaces over half of its protein in less than
4 days (13).

Increased reutilization of cellular breakdown products
is also an extremely efficient adaptation to malnutrition.
In rats fasted 1 or 2 days, as much as 90% of the free
amino acid pool available for synthesis of new protein in
liver is reported to be derived from protein degradation
(14). Other investigators (15), using similar methods,
report less striking effects of starvation or low protein
diet on the recycling of amino acids.

A different mechanism by which brain protein can be
spared when the normal dietary sources are interrupted
or diminished, is through a supply of amino acids to the
brain from such tissues as liver and skeletal muscle (14,
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16). In starved rats, liver weight and protein decrease
drastically for 2-3 days and then stabilize (14, 17). This
period is followed by a slow but sustained loss of weight
and protein by the skeletal muscle (14). It is uncertain
whether the protein is mobilized primarily to satisfy
energy needs or whether it also supplies the raw ma-
terials for maintaining the integrity of such tissues as
brain that are characterized by very little weight deficit
during malnutrition.

Our study suggested itself as a means of assessing
the extent to which the brain maintains itself during a
period of protein malnutrition, either by conservation of
its cellular protein constituents or, alternately, through
preferential utilization of amino acids released by other
tissues in the body. It was anticipated that administra-
tion of leucine-'H to rats during a period of early de-
velopment characterized by disproportionately rapid
brain growth, and leucine-"C later, when brain growth
diminishes but total body weight gain remains rapid,
would result in labeling of brain protein with a uniquely
high ratio of 'H: "C. After institution of a diet low in
protein, it would then be determined whether brain pro-
tein retains this labeling ratio or reverts to one char-
acteristic of other body proteins.

METHODS

Female Sprague-Dawley rats' were housed eight per litter
at 6 days of age together with mothers, under conditions of
controlled temperature and a 7 a.m. to 7 p.m. light cycle.
The mothers were fed a complete pelleted diet.' Nursing
animals were kept with the mothers until 20 days of age,
then weaned and housed four per cage and fed the pelleted
diet until 35 days of age. After this the rats were divided
into two groups, one fed a 26%o protein diet and the other
a protein-deficient diet (3.4%).' Food and drinking water
were available continuously.

Injections of radioisotopes' were given intraperitoneally
between 2 and 4 p.m. L-Leucine-[4,5-'H] was given daily in
a dose of 10 uCi/100 g body weight (40 Ci/mmole) for 13
days, from 6 through 18 days of age; L-leucine-["C] 1.0
,uCi/100 g (300 Ci/mmole) was injected daily for 10 days,
from ages 24 through 33 days. Individual rats received an
average total of 22 ;tCi leucine-'H and 7.3 AtCi leucine-'C.

Randomly selected groups of rats were killed by decapi-
tation between 9 and 10 a.m., before institution of the
low protein and normal protein diet regimens at 35 days of
age, and after 3, 10, 20, and 42 days of the diet, corre-
sponding to 38, 45, 55, and 77 days of age, respectively.
The organs were quickly excised and frozen, or immedi-
ately weighed and homogenized in cold distilled water in a
Potter-Elvehj em glass homogenizer. The homogenate was
adjusted to 1: 10, w/v, with water. Intestinal mucosa was

1Obtained from Simonsen Laboratories, Gilroy, Calif.
'Berkeley Diet-Rat and Mouse Food. Feedstuffs Process-

ing Co., San Francisco, Calif.
'Normal protein test diet, 26% protein (No. 170590)

and low protein test diet, 3.4%o protein (No. 170580). Gen-
eral BioChemicals, Chagrin Falls, Ohio.

'Schwarz Bio Research Inc., Orangeburg, N. Y.

isolated from the second of four segments of equal length
between the pylorus and the ileocecal junction.

Protein was precipitated with an equal volume of 10%
cold trichloroacetic acid (TCA) and thoroughly washed once
with 5% TCA. Four additional washes resulted in no sig-
nificant change in specific activity of protein. The washed
pellet was hydrolyzed in 0.2 M NaOH. The clear hydroly-
sate was used for determination of protein concentration
by the method of Lowry, Rosebrough, Farr, and Randall
(18), and for measurements of radioactivity. NaOH was
not present in sufficient concentrations to interfere with
the protein determination.

Radioactivity was measured in a Nuclear-Chicago Liquid
Scintillation Counter, Unilux II.M A 0.2 ml portion of the
protein hydrolysate was mixed with 1.0 ml NCS protein
solubilizer' and 10 ml of a toluene-based scintillation mix-
ture. Channels were selected that contained essentially no
'H counts in the "C window and approximately 11%o of
the `C counts in the 'H window. Efficiency of "C counting
was 52% and that of 'H was 22%o. Internal standards
showed no significant differential quenching.

The radioactivity present in tissue homogenates was 90-
95% TCA precipitable. Incorporation of label into macro-
molecules other than protein in the TCA precipitate was
determined as follows. Phospholipid was extracted by two
washes with sodium acetate-saturated ethanol and a final
wash in an ether-ethanol mixture (1: 3 v/v). The RNA
was hydrolyzed by incubating the pellet 2 hr in 0.3 N KOH
at 370 and then extracted with 0.5 N percholoric acid
(PCA). DNA was extracted by further incubating the
pellet twice with 0.5 N PCA at 700 for 20 min. No radio-
activity was detected in the RNA fraction. Less than 25%
of the total radioactivity was present in the DNA extract,
but since a roughly corresponding amount of protein was
also found to become solubilized in PCA during the 70'C
incubation, this radioactivity most likely represents protein
rather than significant incorporation into DNA. Negligible
radioactivity was found in the phospholipid fraction of
muscle or liver extracts. In contrast, the phospholipid frac-
tion in brain homogenate (cerebrum) contained almost as
much label as the protein fraction. However, there was no
evidence of contamination of the 0.2 M NaOHprotein hy-
drolysate by lipid radioactivity since prior lipid extraction
had no effect on the counts in the protein fraction.

The proportion of label in protein remaining as leucine
(or isoleucine) was determined by hydrolysis of acetone
precipitated protein in 6 N HCl at 1100 for 3 hr. A por-
tion of the hydrolysate was spotted on 12 X 12 inch What-
man No. 3 filter paper and developed two-dimensionally in
ascending manner on pyridine-acetone-3 N NH40H (50: 30:
25) and isopropyl alcohol-formic acid-H20 (8: 1: 1). By
this means some 15 amino acids could be separated; leucine
and isoleucine migrate as one spot. The positions of the
amino acids on the chromatogram were detected as blue
regions by spraying with a 1%o ethanolic ninhydrin solution.
The same positions were marked on a second chromatogram
developed along with the first and cut out. The amino acid
"spots" were measured for radioactivity by placing the
paper cut-outs directly in 10 ml of scintillation mixture.
All of the radioactivity on the chromatograms of the acid-
hydrolyzed protein of brain, liver, and muscle homogenates
from both normal protein- and low protein-fed animals 20
days after cessation of isotope injection appeared in the
leucine-isoleucine spot. None of the other amino acids sepa-
rated contained any measurable activity.

'Nuclear-Chicago, Des Plaines, Ill.
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RESULTSANDCONCLUSIONS

Labeling pattern of protein in brain compared to
other tissues. The design of this experiment required
that brain protein attain a ratio of 'H: XC distinctly
higher than in other tissues of the body, particularly
such major depots of protein as skeletal muscle (6).
Fig. 1 illustrates the basis for anticipating these results.
Leucine-'H was administered during a period of rapid
increase in brain weight (19) and leucine-l4C at a time
when the rate of brain growth was decreasing but that
of the rest of the body continued unabated. At 35 days
of age, 'H: 1'C found in the protein of each of the
three brain segments averaged between 1.63 and 1.82
(Table I); in all other tissues it was 1.07 or less. The
'H: 'C ratio in brain was sufficiently higher than in
other tissues to permit the planned experimental manip-
ulations. As anticipated from their high rates of pro-
tein synthesis and degradation, liver (13) and intestinal
mucosa (20) were particularly rich in 1'C, the most
recently administered isotope, resulting in the lowest
'H: 1'C ratio.

Body and tissue weights during administration of
diets containing 3.4% or 26% protein. After institu-
tion of a 3.4% protein diet at 35 days of age body
weight decreased slightly for 10 days but then remained
essentially unchanged (Fig. 2). The increasing differ-
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FIGURE 1 Administration of leucine-MH and leucine-14C in
relation to brain and body growth. The growth curves were
derived from the data of Benton, Moser, Dodge, and Carr
(19). L-Leucine-[4,5-'H] was given in daily intraperitoneal

injections of 10 uCi/100 g during a period of rapid brain
growth, from 6 through 18 days, L-Leucine-['C], 1 1&Ci/100
g per day, was similarly injected from ages 24 through 33
days, a period of rapid body growth but decreasing brain
growth.

TABLE I

Labeling of Tissue Protein at 35 days of Age after Intraperitoneal
Administration of L-Leucine-[4,5-'H], 10 .Ci/100 g Body

Weight Daily from 6 through 18 days of Age and
L-Leucine-[l4C] 1 usCi/100 g per day from 24

through 33 days of Age

Tissue H:14C 'H 14C

cpm/mg protein
Brain:

Cerebrum 1.82 40.13* 3724d34* 210119*
Cerebellum 1.6340.16 432L 15 273425
Brain stem 1.7740.16 4914:12 286421

Gastrocnemius 1.070.10t 244d5 228417
Heart 1.0540.10t 21945 215 418
Liver 0.3840.05§ 9145 2434z28

* Means of 5 values 5SEM.
t Differs from cerebrum and brain stem, P < 0.01 and from
cerebellurh, P < 0.02.
§ Differs from cerebrum, cerebellum, and brain stem,
P <0.001.

ence in weight between the protein-undernourished
animals and control animals receiving 26% protein
was due primarily to the continued growth of the latter

I group. Weight changes in skeletal muscle (gastroc-
nemius) were similar to those in body weight; how-
ever, there was little increase in liver weight in the
26% protein group after 45 days of age. Brain weight
remained unchanged throughout the 42 day period of
administration of the 3.4% protein diet. In animals
which received the 26% protein diet, the brain grew
only slightly until 45 days of age and remained 8-10%
heavier than in the 3.4% protein rats (0.1 <P <0.2
after 10 days, P < 0.01 after 20 days and 0.05 < P <
0.1 after 42 days of the dietary regimens). The con-
centration of protein in brain was essentially the same
in the two groups between 35 and 77 days of age.

'H: '4C in tissue protein during administration of
diets containing 3.4% or 26% protein. In rats receiv-
ing the 26% protein diet, 'H: 1'C in the TCA-precipi-
table protein of the cerebrum, cerebellum, and brain
stem remained essentially unchanged from the initial
values at 35 days of age (Fig. 3). After 42 days of
the 26% protein diet (77 days of age) the means of
the ratios ranged from 1.64 to 1.79 compared with the
initial values of 1.63-1.82. In contrast, the 'H: XC ratios
in rats receiving 3.4% protein decreased, particularly
after 10 days of the diet. After 42 days of the diet the
ratios in cerebrum, cerebellum, and brain stem were
1.18, 1.20, and 1.17, respectively, approaching those
for skeletal muscle-the major protein depot of the
body.

There was very little increment in total brain pro-
tein in either group of animals during the 42 days of
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FIGURE 2 Body and tissue weights during administration of diets containing 3.4%o or 26%
protein. The weights of the body, liver, and gastrocnemius muscle diverged due to continued
growth of the 26% protein group and a slight decrease in weights of the 3.4%yo animals. There
was no change in brain weight in the latter group; the weight of the brains in rats
receiving 26% protein increased only slightly. Means + standard errors of the means are
indicated.

the dietary regimen. Therefore the rate of protein syn-
thesis must approximate the rate of protein degradation.
The maintenance of a distinctively high 'H: 'C in the
brain protein of rats receiving the 26% protein diet
suggested that most of the new protein that replaced
the catabolized molecules was not synthesized from the
products of protein degradation in other tissues but
from unlabeled amino acids supplied by the diet. In
contrast, the 3.4% protein diet resulted in the gradual
shift of brain 8H: "C towards that of muscle and other
tissues, indicating that newly synthesized brain protein
utilized amino acids from degradations of protein else-
where in the body.

In each of the tissues other than the brain, 'H: 'C
remained similar in the two dietary groups at any given
age. In skeletal muscle (gastrocnemius) the ratio re-

mained almost unchanged from the initial value of

1.07±0.10 and 0.99+0.11, respectively, in the 26% and
3.4% protein diet groups. The values for myocardial
muscle were almost identical to those of skeletal muscle
and also remained stable. In liver and intestinal mucosa,
values for 8H: "C increased from less than 0.5 before
3 days of diet and approached those of skeletal muscle
after 10 days of the regimens. Thus, in the animals
receiving 26% protein, all tissues except the brain ap-

proached -a common ratio, close to that of skeletal
muscle. This was to be anticipated if most tissues con-

tribute amino acids to a common circulating pool, which
is also drawn upon for synthesis of new protein. How-
ever, the presence of long-lived protein components
(11, 12) and local recycling of amino acids within cells
and tissues (14, 15) are factors which would favor
incomplete mixing of the isotopes with maintenance of
some differences in 8H: "C among tissues.
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FIGURE 3 3H: 14C in TCA-precipitable tissue protein during administration of diet containing
3.4% or 26% protein. Conditions of isotope administration are described in Methods. In rats
receiving the 26% protein diet, 'H: 14C remained essentially unchanged in the cerebrum,
cerebellum, and brain stem; the 3.4% protein diet resulted in a decrease in 'H: "C, approach-
ing values in other tissues. In other tissues no consistent difference in 8H:"C between the
two diet groups was noted. In gastrocnemius and heart muscle the ratio remained almost
constant; in liver and intestinal mucosa it was increased. Counts were less than twice back-
ground after 10 days in intestinal mucosa and after 20 days in liver and accurate ratios could
not be obtained. Means + standard errors of the means are indicated.

Decay of radioactivity in the cerebrum. The rate of 24 days for 'C. By contrast, in rats fed the 3.4% pro-
decay of radioactivity in the cerebrum between 38 and 77 tein regimen there was a slower loss of each isotope,
days of age is shown in Fig. 4. In rats receiving the 26% particularly 'C. Indeed there was no significant net de-
protein diet the total number of counts in acid-precipitable crease in total cerebral 'C during the first 2 days of the
protein of the cerebrum decreased in a linear fashion, 3.4% protein diet and thereafter the loss of label was
with almost identical half-times of 22.5 days for 8H and slight. The decay results are consistent with the hypothe-

50 - 26% PROTEIN DIET 3.4% PROTEIN DIET
40~~ ~ ~ ~ ~ ~ "'mj~~~~* 5H: t V4*36.5 d

TOTAL 30 - IH: t'/a"22.5d
cpm x 103

pear 20
CEREBRUM .C *_%

10 - 4C: t /a-24 >
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0 10 20 30 40 50 0 10 20 30 40 50
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FIGURE 4 Rate of decay of 3H and 'C in TCA-precipitable protein of the cerebrum
during administration of diets containing 3.4%o or 26%o protein. Conditions of isotope
administration are described in Methods. Results are expressed as counts per minute
in the whole cerebrum. With the 26%o protein diet the rates of decay of 'H and "C
were essentially exponential and similar. The 3.4% protein diet resulted in a slower
decrease in both isotopes, particularly "C, which did not decrease in an exponential
manner. Means ± standard errors of the means are indicated. Half-time (tj) is ex-
pressed in days.
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sis that there is substantial utilization of 14C-rich amino
acids from other parts of the body for the synthesis of
protein in the cerebrum of animals fed the 3.4% protein
diet.

The rate of decay of radioactivity in brain protein is
an unreliable index of turnover, particularly in mal-
nourished animals. Reutilization of labeled amino acid
for protein synthesis results in overestimation of protein
lifespan. Differences in rate of decay as a function of
diet are therefore likely to reflect differences in rates of
reutilization without necessarily indicating alterations in
turnover of brain protein.
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