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Summary. The purpose of this study was to determine whether the
y-aminobutyric acid (GABA) affects the rate of brain protein synthesis
in male rats. Two experiments were done on five or three groups of young
rats (5wk) given the diets containing 20% casein administrated 0 mg,
25mg, 50mg, 100mg or 200mg/100g body weight GABA dissolved
in saline by oral gavage for 1day (d) (Experiment 1), and given the diets
contained 0%, 0.25% or 0.5% GABA added to the 20% casein diet
(Experiment 2) for 10d. The plasma concentration of growth hormone
(GH) was the highest in rats administrated 50 mg and 100 mg/100 g body
weight GABA. The concentration of serum GABA increased significant-
ly with the supplementation groups. The fractional (Ks) rates of protein
synthesis in brain regions, liver and gastrocnemius muscle increased sig-
nificantly with the 20% casein + 0.25% GABA diet and still more 20%
casein+ 0.5% GABA compared with the 20% casein diet. In brain re-
gions, liver and gastrocnemius muscle, the RNA activity [g protein syn-
thesized/(g RNA - d)] significantly correlated with the fractional rate of
protein synthesis. The RNA concentration (mg RNA /g protein) was not
related to the fractional rate of protein synthesis in any organ. Our results
suggest that the treatment of GABA to young male rats are likely to
increase the concentrations of plasma GH and the rate of protein synthesis
in the brain, and that RNA activity is at least partly related to the fractional
rate of brain protein synthesis.

Keywords: y-Aminobutyric acid — Growth hormone — Protein synthesis —
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Introduction

The metabolic response to dietary proteins, age and hor-
monal factors includes marked changes in protein synthe-
sis, especially in liver, muscle and intestine (Goldspink
et al.,, 1984; Lewis et al., 1984; Millward et al., 1976;
Symmons et al., 1972; Yokogoshi et al., 1980). Protein

synthesis in the brain is also sensitive to the alteration of
dietary amino acid composition in young rats (Beverly
et al., 1991; Yokogoshi et al., 1992).

Many investigators have reported that protein synthesis
declined in specific tissues (e.g., liver or muscle) and in
the whole body throughout development in mammals
after weaning (Attaix et al., 1988; Goldspink and Kelly,
1984; Waterlow et al., 1978). Hayase and Yokogoshi (1994)
reported that the rate of protein synthesis in the brain
decreased with age in rats after weaning. Several inves-
tigators have demonstrated that the protein synthesis in
visceral organs and skeletal muscle was increased by
growth hormone (GH) in rats (Kato, 2002).

v-Aminobutyric acid (GABA) is a kind of the amino
acid widely distributed over the nature. The origin of the
GABA difference appears to lie in an asymmetric distri-
bution of the enzyme that synthesizes GABA from gluta-
mate, glutamate decarboxylase, the pathway for subse-
quent degradation being about equally active in the two
types of axons (Kravitz et al., 1965). GABA is the inhib-
itory transmitter compound at the vertebrate (Roberts and
Frankel, 1950; Otsuka et al., 1966). Recently, GABA at-
tracts attention as functional foods such as improvement
in memory and study capability, blood-pressure descent
action and relax action (Mitsushima et al., 2002; Lyou and
Yokogoshi, 2004). The investigators reported that the con-
centration of plasma GH was increased by GABA treat-
ment (Mitsushima et al., 2002; Lyou and Yokogoshi, 2004),
and a positive correlation between the rate of protein
synthesis and the plasma concentration of GH. Therefore,
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the possible effects of dietary addition of GABA on brain
protein synthesis and plasma GH in rats are one of the
nutritional importance in understanding the role of nutri-
tion on the brain function in mammals.

The purpose of our study was to determine whether
the GABA affects the rate of brain protein synthesis in
young rats. In our previous report (Yokogoshi et al.,
1992; Hayase et al., 1998; Koie et al., 1999), a positive
correlation between the rate of protein synthesis and the
RNA activity was found in the brain when the quality or
quantity of dietary protein was manipulated in young
and aged male rats. However, the reduction with age in
protein synthesis in the brain was related to a fall in
the RNA concentration (Hayase and Yokogoshi, 1994).
Three questions were considered in the present study: 1)
which dose of GABA increases the concentration of GH,
2) whether the dietary addition of GABA to the basal
diet might affect brain protein synthesis in young male
rats, and 3) whether greater RNA concentration or RNA
activity in young rats given GABA resulted in a greater
protein synthesis rate in the brain than those in rats fed
the basal diet. Therefore, we examined three indicators
of protein synthesis in rat brains: its rate, RNA con-
centration and RNA activity. The effects of GABA treat-
ment on protein synthesis in liver and gastrocnemius
muscle, and the GH concentration in plasma were also
investigated.

Materials and methods

Chemicals

L-Tyrosine decarboxylase, L-leucyl-L-alanine and B-phenethylamine were
purchased from Sigma Chemical (St. Louis, MO, U.S.A.).

L-[2,6-3H]Phenylalanine (1.5 TBq/mmol) was obtained from Amersham
(Tokyo, Japan). All other reagents were purchased from Wako Pure Chem-
ical Industries (Osaka, Japan).

Animals and diets

Young male Wistar rats (5 wk, Japan SLC, Hamamatsu, Japan) were in-
dividually housed at 24 °C in a room with a 12-h light-dark cycle. The rats
were transferred to the basal diet or the experimental diet after they had
been fed a commercial non-purified diet (MF, Oriental Yeast, Tokyo,
Japan) for 1d. All rats were individually housed and given free access
to food and water. The approval of Aichi University of Education Animal
Care and Use Committee was given for our animal experiments.

Experimental design

Experiment 1 was conducted on five groups of rats. In our preliminary
experiment, the plasma concentration of GH elevated very rapidly after
GABA treatment. Therefore, in this study, after feeding a 20% casein diet
(Table 1) for 7 d, these rats were assigned randomly to one of the following
five treatments: Control (0 mg), or administrated 25 mg, 50 mg, 100 mg or
200mg/100 g body weight GABA dissolved in saline by oral gavage. The

Table 1. Composition (g/100 g of diet) of experimental diets

Ingredient 20% 20% casein 20% casein
casein +0.25% +0.5%
GABA GABA
Casein 20.0 20.0 20.0
GABA 0.00 0.25 0.50
Cystine 0.3 0.3 0.3
Cornstarch ! 433 43.1 43.0
Sucrose ! 21.7 21.6 215
Corn oil 5.0 5.0 5.0
AIN-93G mineral mix> 3.5 3.5 35
AIN-93VX Vitamin mix> 1.0 1.0 1.0
Cellulose ! 5.0 5.0 5.0
Choline chloride 0.2 0.2 0.2

! Supplied by Oriental Yeast, Tokyo Japan
2 Supplied by Nihon Nosan K. K., Yokohama, Japan (American Institute
of Nutrition, 1993)

dose for all treatment of GABA was 1 ml/100g body weight. One hour
after GABA administration, rats were sacrificed. The concentration of
plasma GH was measured by the method of EIA (SPI bio, Massy, Cedex,
France).

Experiment 2 was conducted on three groups of rats. All rats were fed
the experimental diet for 10d. The experimental diet contained 0%, 0.25%
or 0.5% GABA added to the 20% casein diet (Table 1). All rats were
provided free access to food and water after 10d. For measuring the con-
centration of GABA, the serum was treated with ethyl alcohol to pre-
cipitate the protein (Bianchi et al., 1999). The GABA concentration was
measured by high pressure liquid chromatography (C-R7A/LC-10A,
Shimadzu, Kyoto, Japan). The fractional rates of protein synthesis in the
brain were measured by the method of Garlick et al. (1980). The rats were
decapitated between 1000 and 1200 h. The liver, brain regions (Reinstein
et al., 1979) and gastrocnemious muscle were quickly removed and frozen
in liquid nitrogen. The concentrations of protein and RNA in liver, brain
and muscle were measured according to the methods of Lowry et al.
(1951) with bovine serum albumin as a standard, and Fleck and Munro
(1962), respectively.

Fractional rate of protein synthesis in tissues

Radioactive L-[2,6-*H]phenylalanine was combined with unlabeled
phenylalanine to yield a dose of 1.85MBq and a concentration of
150 pmol/ml saline. Rats were injected with the radioisotope via the tail
vein at a dose of 1ml/100g body weight. At 10 min after injection, rats
were quickly decapitated. Specific radioactivities of [*H]phenylalanine in
tissue samples were determined according to the method described in our
previous report (Hayase et al., 1998). In a preliminary experiment, we
determined whether the method of Garlick et al. (1980) could be used to
measure the rate of protein synthesis in the brain under this experimental
condition. Specific radioactivities of free phenylalanine in the plasma,
cerebral cortex and cerebellum in rats of the three groups were constant
in each tissue (data not shown). The values were also not significantly
different among the plasma, cerebral cortex and cerebellum, indicating
that the precursor pool of labeled phenylalanine was not altered. In our
previous report (Yokogoshi et al., 1992), the decrease in labeling of free
phenylalanine at 3, 5 and 10 min in the brain was not significant after
an injection of a large dose of [*H]phenylalanine. Therefore, the pro-
tein synthesis rates for brain regions were calculated for animals killed
at a single time point of 10min after intravenous administration of the
radioisotope.
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Statistical analysis

The means and pooled SEM are reported. Duncan’s multiple range test
was used to compare means after one-way ANOVA (Duncan, 1955;
Snedecor and Cochran, 1967). Linear regression analysis was used to
assess the relationship between the rate of protein synthesis and RNA
activity (Snedecor and Cochran, 1967). Differences were considered sig-
nificant at p < 0.05. In the hippocampus and brain stem, the rates of protein
synthesis were determined from a pool of each region.

Results

Plasma concentration of growth hormone
(Experiment 1)

The plasma concentration of growth hormone was the
highest in rats administered 50 mg and 100 mg/100 g
body weight GABA by oral gavage compared with con-
trol rats (Table 2) and depended on the dose of GABA
ingestion.

Serum concentration of GABA and protein
synthesis in tissues (Experiment 2)

The body weight gain did not differ among groups. The
relative weights of the various brain regions and organs did
not differ among the experimental groups. The concentra-
tions of serum GABA (umol/1) were 0, 1.25 and 3.55 with
the 20% casein diet alone, the 20% casein + 0.25% GABA
diet and the 20% casein + 0.5% GABA diet, respectively.
The concentrations of serum GABA increased significantly
with the 20% casein +0.25% GABA diet and still more
with 20% casein+ 0.5% GABA compared with the 20%
casein diet alone. The fractional (Ks) rate of protein synthe-
sis in liver, gastrocnemius muscle and some brain regions,
such as cerebral cortex and cerebellum increased signifi-
cantly with the 20% casein + 0.25% GABA diet and still
more 20% casein 4 0.5% GABA compared with the 20%

Table 2. Effect of the administration of GABA to a basal diet on the
plasma concentration of growth hormone in rats’

GABA treatment Final body Liver Plasma
(mg/100 g body weight) weight (g) weight (g) GH (pg/1)
Control (0) 137.2 6.57 10.3¢

25 136.2 6.66 34.7°

50 135.8 6.84 56.9%

100 135.2 6.31 55.6%

200 133.4 6.24 43.0°
Pooled SEM 2.6 0.24 43

!"Values are means and pooled SEMs, n = 6. Means with different super-
script letters are significantly different (p <0.05)
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Table 3. Effect of the addition of GABA to a basal diet on fractional
synthesis rate in liver, gastrocnemius muscle and brain regions in rats'

20% 20% casein 20% casein Pooled
casein +0.25% +0.5% SEM
GABA GABA
Protein synthesis (Ks) 2 (% /day)
Liver 97.8¢ 107.2° 116.4* 2.1
Gastrocnemius 11.5¢ 13.4° 15.5°% 0.4
muscle
Cerebral cortex 20.6¢ 22.7° 25.4% 0.5
Cerebellum 24.9¢ 27.4° 30.2° 0.3
Hippocampus* 20.5 22.0 24.6 -

!'Values are means and pooled SEMs, n = 6. Means with different super-
script letters are significantly different (p <0.05)

2 Fractional rate of protein synthesis

3 Data were obtained by a single analysis of pooled samples from six rats

Table4. Effect of the addition of GABA to a basal diet on RNA con-
centrations and RNA activities in liver, gastrocnemius muscle and brain
regions in rats '

20% 20% casein 20% casein Pooled
casein +0.25% +0.5% SEM
GABA GABA
RNA /protein (mg RNA/g protein)
Liver 39.5 38.9 39.8 0.6
Gastrocnemius 8.8 8.4 8.6 0.2
muscle
Cerebral cortex 16.9 16.5 16.3 0.4
Cerebellum 15.1 15.8 15.3 0.4
Hippocampus®  15.8 15.7 153 -
RNA activity (g protein synthesized/g RNA-d)
Liver 25.1°  27.6° 29.2% 0.5
Gastrocnemius 13.2¢ 16.0° 18.1° 0.6
muscle
Cerebral cortex 12.3¢ 13.7° 15.6° 0.4
Cerebellum 16.2¢ 17.5° 19.8* 0.5
Hippocampus®  13.0 14.0 16.1 -

!'Values are means and pooled SEMs, n = 6. Means with different super-
script letters are significantly different (p <0.05)
2 Data were obtained by a single analysis of pooled samples from six rats

casein diet (Table 3). The RNA concentrations (mg RNA /g
protein) of all organs and brain regions did not differ
among groups (Table 4). The RNA activity [g protein
synthesized/(g of RNA-d)] in the liver, muscle and brain
regions increased significantly with the 20% casein+
0.25% GABA diet and still more with the 20% casein +
0.5% GABA compared with the 20% casein diet alone
(Table 4). Correlations between the fractional rate of pro-
tein synthesis and RNA activity were significant in the liver
(r=0.907, p<0.001), gastrocnemius muscle (r=0.949,
p<0.001), cerebral cortex (r=0.927, p<0.001), cerebel-
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lum (r=0.894, p<0.001). In pooled samples of hippo-
campus, this rate tended to be higher in the GABA supple-
mentation groups than control group (Table 3).

Discussion

The y-aminobutyric acid (GABA) is a kind of the amino
acid widely distributed over the nature. The origin of the
GABA difference appears to lie in an asymmetric distri-
bution of the enzyme that synthesizes GABA from gluta-
mate, glutamate decarboxylase, the pathway for subse-
quent degradation being about equally active in the two
types of axons (Kravitz et al., 1965). GABA is the inhi-
bitory transmitter compound at the vertebrate (Roberts
and Frankel, 1950). Several investigators have reported
that the protein synthesis in visceral organs and skeletal
muscle was increased by growth hormone (GH) in rats
(Kato, 2002), and that the concentration of plasma GH
was increased by GABA treatment (Mitsushima et al.,
2002). However, little information is available on the ef-
fects of dietary GABA on the rate of brain protein synthe-
sis is in young rats. We hopothesized that the rate of brain
protein synthesis would increase in rats fed GABA. There-
fore, we determined whether administration of GABA by
oral gavage also increased the GH concentration in
plasma. The plasma concentration of GH was the highest
in rats administrated 50mg and 100mg/100g body
weight GABA by oral gavage compared with control rats
(Table 2), and a positive correlation between the plasma
concentration of GABA and the plasma concentration of
GH. The treatment of GABA may have regulated plasma
concentration of GH in the present investigation.

In the brain regions, GABA treatment to the basal diet
elevated the fractional rates of protein synthesis (Table 3).
The changes in brain protein synthesis were likely at-
tributable to the dietary GABA. In weaned rats, a reduc-
tion with age in protein synthesis in the brain and muscle
was related to a fall in RNA concentration (Waterlow
et al., 1978; Hayase and Yokogoshi, 1994).

However, the positive correlation between the rate
of protein synthesis and RNA activity was found in the
brain of weaned rats when the dietary quality and quantity
of protein were manipulated (Yokogoshi et al., 1992).
Hormonal treatment such as insulin, thyroid hormone
and estrogen also appeared to elevate the rate of protein
synthesis and RNA activity in the brain (Hayase and
Yokogoshi, 1995; Hayase et al., 1997, 2001). In the brain
regions of rats in the present study, RNA activity, rath-
er than RNA concentration in the group fed the 20%
casein + GABA diet group was higher than in the group

fed the 20% casein diet alone (Table 4). The higher RNA
activity in rats fed the 20% casein + GABA diet may have
increased the rate of brain protein synthesis in this group.
Therefore, the addition of GABA may have controlled
RNA activity and been one of the factor affecting brain
protein synthesis in young rats.

Little information on the mechanism by which the die-
tary GABA affects RNA activity in the brain of young rats
is available. Many investigations suggested that the poly-
some profile in tissues represented the changes in the
translational phase of protein synthesis (Yokogoshi et al.,
1992; Flaim et al., 1982). In both liver and muscle, the
stimulation of protein synthesis caused by amino acids is
reported to be mediated by the increase in the initiation of
mRNA translation (Flaim et al., 1982; Anthony et al.,
2000b). Of the many steps in the initiation process, eukari-
otic initiation factor (elF) 2 and 4E appear to be particu-
larly important in the physiological regulation (Yoshizawa
et al., 1998; Anthony et al., 2000a). Measurement of the
initiation factors of mRNA translation and the ribosomal
aggregation in the brain should be included in the further
studies for the effect of the addition of GABA to the basal
diet on protein synthesis in rats.

Recently, GABA attracts attention as functional foods
such as improvement in memory and study capability,
blood-pressure descent action and relax action (Mitsushima
et al., 2002; Lyou and Yokogoshi, 2004). The ingestion of
GABA resulted in higher rates of brain protein synthesis
in rats, suggesting that brain function is affected. Recently
several studies have shown that GH may affect many
functions related to the central nervous system. Treatment
of adult GH-deficient patients with human GH is reported
to improve the psychological well being and memory
function (Gibney et al., 1999; Deijen et al., 1998).

Le Greves et al. (2002) suggested that GH might
directly affect gene expression in neurons. Kato (2002)
suggested that GH might stimulate the translational phase
of protein synthesis. In the present study, the plasma con-
centration of GH rapidly increased after GABA treatment.
The increase of brain protein synthesis rates resulting from
the GABA ingestion may be due to the changes in con-
centration of GH. Therefore, the effect of GH treatment
on the brain protein synthesis rates in rats is the another
question to consider in a further examination.

In the present study, GABA treatment stimulated the
fractional rates of protein synthesis and RNA activities
in liver and gastrocnemius muscle (Tables 3 and 4). GH
has been known to increase the protein synthesis of vis-
ceral organs and skeletal muscle (Kato, 2002). These
observations suggest that in vivo protein synthesis in liver
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and muscle also depend on the GABA ingestion, and that
the induction in RNA activity associated with GABA
treatment was correlated with the increase in protein
synthesis rate in these organs.

The mass of the brain regions were unaffected by
GABA treatment, yet the fractional rates of protein synthe-
sis increased with the addition of GABA to the 20%
casein diet in the present experiment (Table 3). These
results may suggest that the protein degradation in brain
also increased in rats given GABA, though the role of
the protein degradation in maintaining the brain mass
remains to be unknown under the physiological condi-
tions (Hayase et al., 1998). This is another possibility to
consider in the further examination of the mechanism
by which the addition of GABA changes brain protein
metabolism.

The present results indicate that visceral organs and
brain protein synthesis was affected by GABA in young
rats as evaluated by the protein synthesis rates, and sug-
gest the effects of GABA on brain protein synthesis in rats
are also of importance in understanding the relation-
ship among nutrition, GH, GABA and brain function in
mammals.

Acknowledgments

The authors are grateful to M. Nakanishi and C. Ando for their valuable
technical assistance. This study is supported in part by a 21* Century COE
program and city area promoting program from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

References

American Institute of Nutrition (1993) AIN purified diets for laboratory
rodents: final Report of the American Institute of Nutrition Ad Hoc
Writing Committee on the reformulation of the AIN 76A rodent diet.
J Nutr 123: 1939-1951

Anthony JC, Gautsch Anthony T, Kimball SR, Vary TC, Jefferson LS
(2000a) Orally administered leucine stimulates protein synthesis in
skeletal muscle of postabsorptive rats in association with increased eIF
4F formation. J Nutr 130: 139-145

Anthony JC, Yoshizawa F, Gautsch Anthony T, Vary TC, Jefferson LS,
Kimball SR (2000b) Leucine stimulates translation in skeletal muscle
of postabsorptive rats via a rapamycin-sensitive pathway. J Nutr 130:
2413-2419

Attaix D, Aurosseau E, Bayle G, Rosolowska-Huszcz D, Arnal M (1988)
Respective influences of age and weaning on skeletal and visceral
muscle protein synthesis in the lamb. Biochem J 256: 791-795

Beverly JL III, Gietzen DW, Rogers QR (1991) Protein synthesis in the
prepyriform cortex: effects on intake of an amino acid-imbalanced diet
by Sprague-Dawley rats. J Nutr 121: 754-761

Bianchi L, Della Corte L, Tipton KF (1999) Simultaneous determination
of basal and evoked output levels of aspartate, glutamate, taurine and
4-aminobutyric acid during microdialysis and from superfused brain
slices. J Chromatogr 723: 47-59

Deijen JB, de Boer H, van der Veen EA (1998) Cognitive changes during
growth hormone replacement in adult men. Psychoneuroendocrinology
23: 45-55

Duncan DB (1955) Multiple range and multiple F tests. Biometrics 11:
1-42

Flaim KE, Liao WSL, Peavy DE, Taylor JM, Jefferson LS (1982) The role
of amino acids in the regulation of protein synthesis in perfused liver. II.
Effects of amino acid deficiency of peptide chain initiation, polysomal
aggregation, and distribution of albumin mRNA. J Biol Chem 257:
2939-2946

Fleck A, Munro HN (1962) The precision of ultraviolet absorption
measurements in the Schmidt-Thannhauser procedure for nucleic acid
estimation. Biochim Biophys Acta 55: 571-583

Garlick PJ, McNurlan MA, Preedy VR (1980) A rapid and convenient
technique for measuring the rate of protein synthesis in tissues by
injection of [*H]phenylalanine. Biochem J 192: 719-723

Gibney J, Wallace JD, Spinks T, Schnorr L, Ranicar A, Cuneo RC,
Lockhart S, Burnand KG, Salomon F, Sonksen PH, Russel-Jones D
(1999) The effects of 10 years of recombinant human growth hormone
(GH) in adult GH-deficient patients. J Clin Endocrinol Metab 84:
2596-2602

Goldspink DF, Kelly FJ (1984) Protein turnover and growth in the whole
body, liver and kidney of the rat from the foetus to senility. Biochem J
217: 507-516

Goldspink DF, Lewis SEM, Kelly FJ (1984) Protein synthesis during the
developmental growth of the small and large intestine of the rat.
Biochem J 217: 527-534

Hayase K, Koie M, Yokogoshi H (1998) The quantity of dietary pro-
tein affects brain protein synthesis rate in aged rats. J Nutr 128:
1533-1536

Hayase K, Naganuma Y, Moriyama M, Yoshida A, Yokogoshi H (1997)
Effect of a thyroid hormone treatment on brain protein synthesis in rats.
Biosci Biotech Biochem 61: 1536—-1540

Hayase K, Tanaka M, Tujioka K, Hirano E, Habuchi O, Yokogoshi H
(2001) 17-B-Estradiol affects brain protein synthesis rate in ovariecto-
mized female rats. J Nutr 131: 123-126

Hayase K, Yokogoshi H (1994) Age affects brain protein synthesis in rats.
J Nutr 124: 683-688

Hayase K, Yokogoshi H (1995) Insulin treatment affects brain pro-
tein synthesis rate in streptozotocin-induced diabetic rats. J Nutr 125:
2768-2772

Kato H (2002) Molecular biology of protein metabolism. In: Kakinuma J
(ed) Molecular nutrition. Koseikan, Tokyo, pp 50-64

Koie M, Tanaka M, Hayase K, Yoshida A, Yokogoshi H (1999) Effect of
dietary protein quality on the brain protein synthesis rate in aged rats.
J Nutr Sci Vitaminol 45: 481-489

Kravitz EA, Molinoff PB, Hall ZW (1965) A comparison of the
enzymes and substrates of gamma-aminobutyric acid metabolism in
lobster excitatory and inhibitory axons. Proc Natl Acad Sci USA
54: 778-782

Le Greves M, Steensland P, Le Greves P, Nyberg F (2002) Growth
hormone induces age-dependent alteration in the expression of hippo-
campal growth hormone receptor and N-methyl-D-aspartate receptor
subunits gene transcripts in male rats. Proc Natl Acad Sci USA 99:
7119-7123

Lewis SEM, Kelly FJ, Goldspink DF (1984) Pre- and post-natal growth
and protein turnover in smooth muscle, heart and slow- and fast-swich
skeletal muscles of the rat. Biochem J 217: 517-526

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem 193:
265-275

Lyou S, Tujioka K, Hirano E, Mawatari Y, Hayase K, Okuyama S,
Yokogoshi H (2004) Effect of adding dietary methionine to a low
soy protein diet on the brain protein synthesis rate in ovariectomized
female rats. Nutr Neurosci 7: 185-190



260 K. Tujioka et al.: y-Aminobutyric acid and brain protein synthesis in rats

Lyou S, Yokogoshi H (2004) Hormones and brain function. In:
Yokogoshi H (ed) Brain function and nutrition. Saiwaishobo, Tokyo,
pp 359-372

Millward DJ, Garlick PJ, Nnanyelugo DO, Waterlow JC (1976) The
relative importance of muscle protein synthesis and breakdown in the
regulation of muscle mass. Biochem J 156: 185-188

Mitsushima D, Shwe T-T-W, Funabashi T, Shinohara K, Kimura F (2002)
GABA release in the medial preoptic area of cyclic female rats.
Neuroscience 113: 109-114

Otsuka M, Kravitz EA, Potter DD (1966) Physiological and chemical
architecture of a lobster ganglion with particular reference to gamma-
aminobutyrate and glutamate. J Neurophysiol 30: 725-752

Reinstein DK, Isaacson RI, Dunn AJ (1979) Regional change in 2-
deoxyglucose uptake after neocortical and hippocampal destruction.
Brain Res 175: 392-397

Roberts E, Frankel S (1950) y- Aminobutyric acid in brain: its formation
glutamic acid. J Biol Chem 187: 55-63

Snedecor GW, Cochran WG (1967) Statistical methods, 6th ed. Iowa State
University Press, Ames, IA

Symmons RA, Maquire EJ, Rogers QR (1972) Effect of dietary protein
and feeding schedule on hepatic polysome pattern in the rat. J Nutr 102:
639-646

Waterlow JC, Garlick PJ, Millward DJ (1978) Protein turnover in mam-
malian tissues and in the whole body. North-Holland, Amsterdam,
pp 529-594

Yokogoshi H, Hayase K, Yoshida A (1992) The quality and quantity of die-
tary protein affect brain protein synthesis in rats. J Nutr 122: 2210-2217

Yokogoshi H, Sakuma Y, Yoshida A (1980) Effect of dietary protein
quality and quantity on hepatic polyribosome profiles in rats. J Nutr
110: 1347-1353

Yoshizawa F, Kimball SR, Vary TC, Jefferson LS (1998) Effect of dietary
protein on translation initiation in rat skeletal muscle and liver. Am
J Physiol 275: E814-E820

Authors’ address: Kazutoshi Hayase, Department of Home Economics,
Aichi University of Education, Kariya, Aichi 448-8542, Japan,
Fax: +81-566-26-2476, E-mail: khayase @auecc.aichi-edu.ac.jp



