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Nutritional epidemiology shows that insufficient protein intake is related to senile
dementia. The levels of protein intake in aged people are positively associated with
memory function, and elderly people with high protein intake have a low risk of mild
cognitive impairment. Although the beneficial roles of protein nutrition in maintaining brain
function in aged people are well demonstrated, little is known about the mechanism
by which dietary intake of protein affects memory and brain conditions. We fed aged
mice a low protein diet (LPD) for 2 months, which caused behavioral abnormalities,
and examined the nutritional effect of essential amino acid administration under LPD
conditions. The passive avoidance test revealed that LPD mice demonstrated learning
and memory impairment. Similarly, the LPD mice showed agitation and hyperactive
behavior in the elevated plus maze test. Moreover, LPD mice exhibited decreased
concentrations of gamma-aminobutyric acid (GABA), glutamate, glycine, dopamine,
norepinephrine, serotonin and aspartate in the brain. Interestingly, oral administration
of seven essential amino acids (EAAs; valine, leucine, isoleucine, lysine, phenylalanine,
histidine, and tryptophan) to LPD mice, which can be a source of neurotransmitters,
reversed those behavioral changes. The oral administration of EAAs restored the brain
concentration of glutamate, which is involved in learning and memory ability and may
be associated with the observed behavioral changes. Although the details of the link
between decreased amino acid and neurotransmitter concentrations and behavioral
abnormalities must be examined in future studies, these findings suggest the importance
of dietary protein and essential amino acids for maintaining brain function.

Keywords: protein deficiency, low protein diet, essential amino acids, cognitive function, neurotransmitter, aged
mouse, passive avoidance test, elevated plus maze test
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative condition
that is highly prevalent in old age (1) and has a significant
socioeconomic impact, which will lead to an increased
economic burden in healthcare systems worldwide (2). Because
pathological changes, such as amyloid f accumulation, occur
more than two decades before the appearance of cognitive
impairments (1), finding preventive strategies against AD is
important. However, prescribing drugs for AD prevention to
people several decades before the onset of cognitive impairments
has huge socioeconomic impact considering the growing number
of patients with AD (3). In this context, daily food intervention
could be a realistic strategy for AD prevention.

Indeed, nutritional epidemiology has shown the importance
of protein intake for maintaining brain function in the elderly
population. Compared with the healthy elderly, patients with
dementia have significantly lower protein intake and lower
protein intake of patients with dementia is reported to be
associated with severe dementia (4-6). The levels of protein
intake in aged people are positively associated with memory
function (7, 8), and elderly people with high protein intake have
a low risk of mild cognitive impairment (MCI) (9). Moreover,
elderly people with high protein intake have recently been
reported to have low amyloid  accumulation in the brain (10).

Although the beneficial roles of protein nutrition for brain
function in aged people are well demonstrated, little is known
about the mechanism by which protein intake maintains brain
function and prevents MCI. Given that proteins are composed
of multiple amino acids, including essential amino acids (EAAs),
protein malnutrition could lead to amino acid intake deficiency,
thereby affecting the brain. Amino acids are known to play
essential roles not only as energy sources but also in protein
synthesis, metabolism and homeostatic function of cells in
multiple organs of the body, including the brain. Amino acids
function as precursors of neurotransmitters, especially in the
brain. We hypothesized that a low protein diet (LPD) leads to
low concentrations of EAAs in the plasma and brain, resulting
in a depletion of neurotransmitters in the brain. To unveil the
nutritional importance of protein and amino acids in brain
function, we fed aged mice a LPD, which caused behavioral
abnormalities, and further examined the nutritional effect of
seven EAAs [valine (Val), leucine (Leu), isoleucine (Ile), lysine
(Lys), phenylalanine (Phe), histidine (His), and tryptophan
(Trp)], which are sources of neurotransmitters, in this model.

MATERIALS AND METHODS

Animals

Male C57BL/6] mice (55-63 weeks, Charles River Laboratories,
Japan) were used for experiments. These mice were housed
at 25°C on a 12-h light/dark cycle (lights on 8 PM to 8 AM)
with ad libitum food and water in their cages. All animal
experimental procedures in the present study were approved by
the institutional review board of the animal ethical committee,
who follows the institutional guidelines of Ajinomoto Co., Inc.

TABLE 1 | Composition of amino acids mixture.

C1 (%) C2 (%)
Leucine 16.3 31.1
Lysine 21.6 221
Valine 2.7 3.9
Isoleucine 2.7 8.6
Phenylalanine 16.9 28.3
Histidine 40.0 5.4
Tryptophan 0.7 0.7
Total 100.0 100.0

Diet and Amino Acid Intervention

The mice were provided ad libitum access to water and a
control diet [normal protein diet (NPD); 20% casein-based
diet, Supplementary Table 1]. At the start of the experimental
protocol, the control diet was replaced with the experimental
diet, which was either the NPD (20% casein-based diet) or LPD
(5% casein-based diet) (Supplemental Table 1). In the amino
acid intervention conditions, we treated mice with 10 ml/kg
0.5% methylcellulose [vehicle (Veh)] per os (PO), 1 g/10 ml/kg
composition 1 (C1) amino acids PO, or 1 g/10 ml/kg C2 amino
acids PO (Table 1) twice daily on days 1-5 of each week during
the experimental protocol period of 72 days (Figure 1A).

Quantification of Amino Acid and
Monoamine Concentrations in the Plasma

and Brain Tissue

A previously described quantification method for amino acids
(11) was used in this study with minor modifications. The plasma
sample was mixed with the internal standard solution (stable
isotope-labeled amino acids in water) and deproteinized with
acetonitrile. Frozen brain tissue was powdered using a Multi-
Beads Shocker (Yasui Kikai, Osaka, Japan) and homogenized
in an ice-cold methanol aqueous solution containing L-phenyl-
ds-alanine was used to calculate recovery of the pretreatment
procedure. The homogenate was further mixed with water and
chloroform, and its upper phase was dried up. The residual
was dissolved with water, and mixed with the internal standard
solution. The plasma and brain samples were derivatized with
APDSTAG® (FUJIFILM Wako Pure Chemicals, Osaka, Japan)
and analyzed using liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) as described in (11). Dopamine,
norepinephrine and serotonin measurements were conducted
on an HPLC-ECD system (HTEC-500: EICOM, Kyoto, Japan)
and expressed as pg/mg tissue weight. Plasma albumin and total
protein and glucose measurements were conducted on a chemical
analyzer (DRI-CHEM3500V: FUJIFILM, Tokyo, Japan).

Elevated Plus Maze

The elevated plus maze (EPM) consisted of two open (29.5 x
6 cm) and two closed arms (29.5 x 6 x 15cm), which extended
from a central platform (6 x 6cm) at 50cm from the ground
(BRC, Nagaoya, Japan). Each individual mouse was placed in the
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FIGURE 1 | LPD induced cognitive decline, agitation, and disinhibition behavior, but EAAs ameliorated these changes. (A) Schematic diagram of the experimental
procedure. Experiment 1 data are shown in (B-H). (B-D) Summary of PAT results. (B) During the training session, there was no significant difference among the
groups. (C) Mean step-through latency in each group during the training trial [Fg, 43 = 3.4, p < 0.08]. The latency time was significantly lower in the LPD 4- Veh group
than in the NPD + Veh group (*p < 0.05) and in the LPD + C1 group than in the NPD + Veh (o < 0.05) but not in the LPD + C2 group compared with that in the NPD
+ Veh group. (D) Summary of the achievement ratio which is the effect of the 1st electrical stimulation (ES) on step-through latency in each group. (E=H) Summary of
EPM test results on day 28 (E,F) and day 60 (G,H). (E) Mean number of entries in the open arms on day 28 in each group. There was no significant difference among
the groups. (F) Mean total distance traveled on day 28 in each group [F(, 44) = 5.0, p < 0.01]. The total distance was significantly increased in the LPD + Veh group
compared with that in the NPD + Veh group (o < 0.01, Holm-Sidak’s test), in the LPD + Veh group compared with that in the LPD + C1 group (**p < 0.01,
Holm-Sidak’s test), and in the LPD + Veh group compared with that in the LPD + C2 group (*p < 0.05, Holm-Sidak’s test). (G) Mean number of entries in the open
arms on day 60 in each group (o < 0.05, Bartlett’s test). The number of entries in the open arms was significantly higher in the LPD + Veh group than in the NPD +
Veh group (*p < 0.05, Dunnett’s test). (H) Mean total distance traveled on day 60 in each group. There was no significant difference among the groups. Experiment 2
data are shown in (I-L). (1,J) Summary of PAT results. (I) Mean step-through latency in each group during the training trial [F3 40 = 2.9, p < 0.05]. The latency time
(Continued)
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composition 1; C2, composition 2.

FIGURE 1 | was significantly decreased in the LPD + Veh group compared with that in the NPD + Veh group (o < 0.05). (J) Summary of the achievement ratio in
each group. (K,L) Summary of EPM test results. (K) Mean number of entries in the open arms in each group [Fg 44y = 4.1, p < 0.05]. The number of entries in the
open arms was significantly higher in the LPD + Veh group than in the NPD + Veh group (o < 0.05) and in the LPD + C2 (1 g/kg x2) group than in the LPD + Veh
group (*p < 0.05). (L) Mean total distance in each group. There was no significant difference among the groups. Error bars and dots indicate SD and scores of

individual mice, respectively. NPD, normal protein diet; LPD, low protein diet; EPM, elevated plus maze; PAT, passive avoidance test; Veh, vehicle; p.o., per os; C1,

center area facing an open arm and allowed to freely explore
the maze for 8 min. The behavior of the animals was recorded,
tracked, and analyzed with the SMART 3.0 video tracking
systems. The following parameters were evaluated: number of
entries into the closed vs. open arms, distance traveled (cm)
within the closed and opened arms, and time spent in the closed
and opened arms. The EPM test was conducted on day 28 and
day 60 in Experiment 1 and on day 36 in Experiment 2 during
the dark period.

Passive Avoidance Test

The passive avoidance test (PAT) was performed using a step-
through cage (Muromachi Kikai, Tokyo, Japan) consisting of
white and black compartments separated by a sliding door.
During the training trial, mice were placed in the white
compartment, the door was opened, and the step-through latency
was recorded. When the mice entered the dark compartment
with its four paws on the grid floor, an electric foot shock (1 mA)
was delivered through stainless-steel rods for 1s. After 24h, a
probe test was performed using the same procedure without
any foot shock. The step-through latency time to enter the
dark compartment was recorded up to a maximum of 480 s in
Experiment 1 and 300s in Experiment 2 as the cut-off latency.
The PAT was conducted on days 29 and 30 in Experiment 1 and
on days 37 and 38 in Experiment 2 during the dark period.

Statistics

Statistical analyses were performed using GraphPad Prism 6
Software. Data were statistically analyzed by Welch’s ¢-test for
<2 comparisons and one-way analysis of variance (ANOVA)
with Tukey’s or Dunnetts or Holm-Sidak’s posttest for >3
comparisons. P values of <0.05 were considered statistically
significant at a confidence interval of 95%.

RESULTS

First, we examined whether LPD intake affected brain function
in aged mice through behavioral experiments. The PAT was used
to investigate the learning and memory activities of mice. In the
training trial of the PAT, there was no significant difference in
step-through latency among the groups (Figure 1B), whereas in
the test trial, step-through latency was significantly lower in the
LPD + Veh group than in the NPD + Veh group (Figure 1C).
In addition, the achievement ratio was lower in the LPD + Veh
group than in the NPD + Veh group (Figure 1D). The EPM
is considered to be a reliable indicator of anxiogenic behavior
and depends upon the assumption that mice inherently prefer
the closed arms of the maze to the open arms. We observed the
number of entries in the open arms and total distance in the

EPM, which are given in Figures 1IE-H. The percent time spent
in the open arms was not significantly different among the groups
(Figure 1E), whereas the total distance traveled was significantly
greater in the LPD + Veh group than in the NPD + Veh group on
day 28 (Figure 1F). On day 60, the total distance traveled was not
significantly different among the groups (Figure 1H), whereas
the number of entries (Figure 1G) and the percent time spent
[F3,43) = 4.8, p < 0.01, Brown-Forsythe test; p < 0.05, data not
shown] in the open arms were significantly increased in the LPD
+ Veh group compared with that in the NPD + Veh group. These
results indicate that LPD induced cognitive function decline and
agitation and disinhibition behavior in aged mice.

Next, we hypothesized that LPD leads to low concentrations
of EAAs in the plasma and brain, thereby inducing
neurotransmitter depletion in the brain, resulting in cognitive
dysfunction and behavioral abnormalities. To identify the
concentrations of EAAs and neurotransmitters, we quantified
these concentrations in the plasma and brain of the NPD and
LPD groups. Plasma levels of EAAs (Val, Leu, Ile, Lys, Met, Thr,
Trp, and Phe) and non-essential amino acids (Tyr and Pro) in
the LPD group were significantly lower than those in the NPD
group (Figure 2A, Supplementary Table 2). The LPD group
also exhibited significantly lower levels of EAAs (Val, Leu, Ile,
Lys, and Thr), non-essential amino acids, and neurotransmitters
[especially aspartate (Asp), GABA, glutamate (Glu), glycine
(Gly), dopamine, norepinephrine, and serotonin] in the brain
than the NPD group (Figure2B, Supplementary Table 3).
However, the concentrations of plasma albumin and total
protein and glucose were not different between the LPD and
NPD groups (Supplementary Figure 1).

Finally, we hypothesized that the flux of EAAs from the
blood to the brain would be important for maintaining
neurotransmitters. Thus, we conducted oral administration of
seven EAAs (Val, Leu, Ile, Lys, Phe, His, and Trp), which are
a source of neurotransmitters. To examine the importance of
the flux of EAAs into the brain, we compared the effects of
administering EAAs in the form of C1 (control against C2)
or C2, which is composed of EAAs with high fluxes into the
brain based on a previous report (12) (Table 1). Both C1 and
C2 EAAs ameliorated the changes in agitation and disinhibition
behavior indicated by a reversal of the changes in the total
distance traveled on day 28 and the number of entries in the
open arms on day 60 in the EPM (Figures 1E,G). In addition,
C2 ameliorated the step-through latency in the PAT (Figure 1C),
confirming the importance of fluxes of EAAs into brain for
cognitive function. While C2 intake once per day was enough
to ameliorate cognitive decline (Figures 1L,J), C2 intake twice
per day was needed to ameliorate agitation and disinhibition
behavior (Figure 1K). Moreover, C2 reversed the concentrations
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FIGURE 2 | The concentrations of amino acids and neurotransmitters in the plasma and brain were decreased by LPD. (A) Radar charts of amino acids in aged B6
mice. The average of each amino acid concentration as normalized values in the plasma (left) and prefrontal cortex area (PFC area; right) are expressed. (B) Mean
neurotransmitter concentrations in the PFC area after sacrifice in each group. The Glu concentration [Fg 17) = 4.2, p < 0.05] was significantly lower in the LPD + C2
group than in the LPD + Veh group ("o < 0.05). The dopamine concentration [Fg 18 = 23.9, p < 0.001] was significantly lower in the LPD + Veh group than in the
NPD + Veh group (*p < 0.05), in the LPD + Veh group than in the LPD + C1 group (***o < 0.001), and in the LPD + Veh group than in the LPD + C2 group (**p <
0.001). The norepinephrine concentration [Fs, 19) = 4.5, p < 0.05] was significantly lower in the LPD + Veh group than in the NPD + Veh group (*p < 0.05). The
serotonin concentration [F(3 19y = 5.7, p < 0.01] was significantly lower in the LPD 4+ Veh group than in the NPD + Veh group ("o < 0.05), in the LPD + C1 group than
in the NPD + Veh group (*p < 0.05), and in the LPD + C2 group than in the NPD + Veh group (*p < 0.05). Error bars and dots indicate SD and scores of individual
mice, respectively.
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of Glu and dopamine in the brain (Figure 2B). However, there
was no difference among the groups in the total distance in the
EPM (Figure 1L).

DISCUSSION

Here, we demonstrated the importance of protein and amino acid
nutrition for maintaining brain function. In this study, protein
malnutrition in aged mice caused behavioral abnormalities as
well as physiological alterations in the brain, including decreased
neurotransmitter and plasma amino acid levels. These findings
are in accordance with previous clinical studies showing the
possibility that chronic protein malnutrition leads to cognitive
dysfunction (7, 8). In this study, the changes induced by
LPD were reversed by EAA supplementation, suggesting the
importance of EAA nutrition in the brain and behavior. This is
the first study to report the phenotype of protein malnutrition
and EAA supplementation in aged mice.

In this study, LPD mice showed a significantly decreased
passive avoidance response compared to NPD mice, indicating
that LPD in aged mice was associated with learning and
memory impairment. The PAT is one of the most widely
used tests for fear learning and memory. Previous studies
have demonstrated that several mouse models of AD, such as
rTg2576, APP23, APP/PS, and 3xrTg, show impaired learning
and memory function evaluated by the PAT (13-15), similar
to our data on aged mice fed a LPD. Furthermore, LPD mice
showed an increase in the proportion of time spent in the
open arms of the EPM, indicating that those mice had agitation
and disinhibition potentially caused by the LPD. Furthermore,
similar to rTg2576 mice (16-18), LPD mice showed increased
total distance moved, indicating hyperactive behavior in a
new environment.

Interestingly, LPD mice showed decreased amino acid
concentrations in the blood and brain. Since EAAs in the
blood enter the brain via the blood-brain barrier (BBB),
both blood and brain EAAs can conceivably be influenced
by food intake. Most neurotransmitters are synthesized from
amino acids. For example, dopamine and norepinephrine
are synthesized from tyrosine, which is a metabolite of
Phe. Glu is synthesized from branched-chain amino acids or
glutamine (Gln), which are derived from the blood via the
BBB. Despite the slow flux of Leu into the brain, which is
14.5 times slower than that of Gln, 30-50% of the amino
groups of Glu and Gln are derived from Leu (19). With
age, the synthesis of these neurotransmitters is known to
decline in humans and mice (20-23). Furthermore, the amount
of neurotransmitters, including dopamine, norepinephrine,
acetylcholine, Glu, serotonin and GABA, and the levels of
their synthetic enzymes are known to be lower in patients
with AD than in healthy people (21, 24). Dopamine and
norepinephrine are monoamines that are associated with
cognitive function, particularly working memory (25). In this
study, LPD mice exhibited decreased concentrations of GABA,
Glu, Gly, dopamine, norepinephrine, serotonin and Asp, which
might be associated with behavioral abnormalities.

In this study, we used seven essential amino acids (Val, Leu, Ile,
Lys, Phe, His, and Trp) that can be a source of neurotransmitters
in the brain to make two EAA mixtures of different compositions.
We hypothesized that the rate of amino acid influx to the brain
(12) would be important and set C1 as the composition that is
the reciprocal of what easily passes through the brain. In contrast,
C2 was composed to directly match the ratios of the brain influx
rate of the different EAAs. Although both C1 and C2 reversed the
behavioral changes in the EPM, only C2 reversed the behavioral
change in the PAT. C2 but not C1 improved the LPD-induced
learning and memory behavior deficits and elevated the Glu
concentration. The C2 mix is mainly composed of Leu, Phe, and
Lys, which are potential substrates for synthesizing Glu in brain
cells (19). Glu is known to be an important neurotransmitter that
triggers de novo spine growth (26) and is involved in learning
and memory ability (27). Glu restoration could be one of the key
mechanisms connecting behavior and nutrition. The details of
the link between the decreased amino acid and neurotransmitter
concentrations and behavioral abnormalities must be further
examined in the future. Also, in this study, only male mice were
fed a LPD for 2 months. The effects with shorter- and longer-term
LPD feeding to behaviors are to be investigated in the future. And
whether the similar results will be obtained in female mice, which
have estrus cycle that affect animal behaviors including emotion-
related behaviors, social behaviors, and cognition, would be a
future research question.

Several reports have indicated that the amount of protein
consumed by the elderly is not sufficient (28-31). Oral issues
such as decreased appetite with age (32, 33), dysphagia
(34), reduced muscle strength required for meat consumption
(35, 36), and periodontal disease (37) are noted as causes.
In addition, aging of the digestive organs and gastric acid
secretion decrease in the elderly (38), suggesting a decrease
in digestive function to efliciently absorb the ingested protein.
Although some nutritional epidemiological studies suggest the
relationships between dietary protein deficiency and cognitive
decline (7-10), it is yet to be demonstrated whether the EAA
supplementation could affect cognitive ability in humans. Future
clinical trials to examine the effects of EAA supplemental
intake to cognitive ability in the elderly are needed. This study
may shed light on the roles of EAAs in relation to the brain
function of aged people. Although further research is necessary to
illustrate the detailed mechanism and clinical effectiveness, EAA
ingestion could be one possible solution for maintaining healthy
brain function.

CONCLUSION

In this work, we investigated the association between protein
intake and cognitive function in aged mice, showing that
LPD resulted in learning disabilities, disinhibition, and
hyperactive behavior. LPD intake may conceivably cause
low blood amino acid levels, resulting in neurotransmitter
deficiency in the brain. The addition of seven EAAs (Val,
Leu, Ile, Lys, Phe, His, and Trp) that can be a source
of neurotransmitters to the LPD reversed some of the
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changes in behavior and neurotransmitter concentrations.
Further studies elucidating the connection between
brain function and protein and amino acid nutrition
are necessary.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material, and by request to the
corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Study
Ethics Committe of Ajinomoto Co., Inc.

AUTHOR CONTRIBUTIONS

HS, MT-Y, YT, KS, KN, MH, and AK: concept and design of
the study. HS, MT-Y, NK, KM, SU, MK, MN, SK, and MI:
data acquisition and analysis. HS, YT, KN, and AK: drafting the

REFERENCES

1. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM,
et al. Toward defining the preclinical stages of Alzheimer’s disease:
recommendations from the National Institute on Aging-Alzheimer’s
Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. (2011) 7:280-92. doi: 10.1016/}.jalz.2011.03.003

2. El-Hayek YH, Wiley RE, Khoury CP, Daya RP, Ballard C, Evans AR, et al. Tip
of the iceberg: assessing the global socioeconomic costs of Alzheimer’s disease
and related dementias and strategic implications for stakeholders. ] Alzheimers
Dis. (2019) 70:323-41. doi: 10.3233/JAD-190426

3. Crous-Bou M, Minguillén C, Gramunt N, Molinuevo JL. Alzheimer’s disease
prevention: from risk factors to early intervention. Alzheimers Res Ther.
(2017) 9:71. doi: 10.1186/513195-017-0297-z

4. Nes M, Sem SW, Rousseau B, Bjorneboe GE, Engedal K, Trygg K, et al. Dietary
intakes and nutritional status of old people with dementia living at home in
Oslo. Eur J Clin Nutr. (1988) 42:581-593.

5. Sanders CL, Wengreen HJ, Schwartz S, Behrens SJ, Corcoran C, Lyketsos
CG, et al. Nutritional status is associated with severe dementia and mortality:
The Cache County dementia progression study. Alzheimer Dis Assoc Disord.
(2018) 32:298-304. doi: 10.1097/WAD.0000000000000274

6. Thomas DE, Chung-A-On KO, Dickerson JW, Tidmarsh SF, Shaw DM.
Tryptophan and nutritional status of patients with senile dementia. Psychol
Med. (1986) 16:297-305. doi: 10.1017/S0033291700009119

7. Goodwin JS, Goodwin JM, Garry PJ. Association between nutritional status
and cognitive functioning in a healthy elderly population. JAMA. (1983)
249:2917-21. doi: 10.1001/jama.249.21.2917

8. La Rue A, Koehler KM, Wayne SJ, Chiulli SJ, Haaland KY, Garry PJ.
Nutritional status and cognitive functioning in a normally aging sample: a 6-y
reassessment. Am J Clin Nutr. (1997) 65:20-9. doi: 10.1093/ajcn/65.1.20

9. Roberts RO, Roberts LA, Geda YE, Cha RH, Pankratz VS, O’Connor
HM, et al intake impacts risk of
mild cognitive impairment or dementia. ] Alzheimers Dis. (2012)
32:329-39. doi: 10.3233/JAD-2012-120862

10. Fernando WMADB, Rainey-Smith SR, Gardener SL, Villemagne VL,
Burnham SC, Macaulay SL, et al. Associations of dietary protein and
fiber intake with brain and blood amyloid-B. ] Alzheimers Dis. (2018)
61:1589-98. doi: 10.3233/JAD-170742

Relative of macronutrients

manuscript and figure. All authors read and approved the final
version of the manuscript.

FUNDING

The authors declare that this study received funding from
Ajinomoto Co., Inc. The funder was involved in the study design,
collection, analysis, interpretation of data, the writing of this
article and the decision to submit it for publication.

ACKNOWLEDGMENTS

We are grateful to Takahiro Shimizu and Takashi Mashima
(WDB Eureka, Tokyo, Japan), Kohei Tsumaki (WDB, Tokyo,
Japan) for technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2020.
00023/full#supplementary-material

11. Shimbo K, Oonuki T, Yahashi A, Hirayama K, Miyano H. Precolumn
derivatization reagents for high-speed analysis of amines and amino acids
in biological fluid using liquid chromatography/electrospray ionization
tandem mass spectrometry. Rapid Commun Mass Spectrom. (2009)
23:1483-92. doi: 10.1002/rcm.4026

12. Smith QR. Transport of glutamate and other amino acids at the blood-brain
barrier. ] Nutri. (2000) 130:1016S—22S. doi: 10.1093/jn/130.4.1016S

13. Apelt J, Kumar A, Schliebs R. Impairment of cholinergic neurotransmission
in adult and aged transgenic Tg2576 mouse brain expressing the Swedish
mutation of human beta-amyloid precursor protein. Brain Res. (2002)
953:17-30. doi: 10.1016/S0006-8993(02)03262-6

14. Angelo M, Plattner FE EE, Giese KP. Improved reversal
learning and altered fear conditioning in transgenic mice with
regionally  restricted p25 expression. Eur ] Neurosci. (2003)
18:423-31. doi: 10.1046/j.1460-9568.2003.02746.x

15. Bedrosian TA, Herring KL, Weil ZM, Nelson R]. Altered temporal patterns of
anxiety in aged and amyloid precursor protein (APP) transgenic mice. Proc
Natl Acad Sci USA. (2011) 108:11686-91. doi: 10.1073/pnas.1103098108

16. Lalonde R, Lewis TL, Strazielle C, Kim H, Fukuchi K. Transgenic
mice expressing the PBAPP695SWE mutation: effects on exploratory
activity, anxiety, and motor coordination. (2003)
977:38-45. doi: 10.1016/50006-8993(03)02694-5

17. Lalonde R, Kim HD, Fukuchi K. Exploratory activity, anxiety, and motor
coordination in bigenic APPswe + PS1/AE9 mice. Neurosci Lett. (2004)
369:156-61. doi: 10.1016/j.neulet.2004.07.069

18. Ognibene E, Middei S, Daniele S, Adriani W, Ghirardi O, Caprioli A,
et al. Aspects of spatial memory and behavioral disinhibition in Tg2576
transgenic mice as a model of Alzheimer’s disease. Behav Brain Res. (2005)
156:225-32. doi: 10.1016/j.bbr.2004.05.028

19. Yudkoff M, Daikhin Y, Nissim I, Horyn O, Luhovyy B, Luhovyy B, et al. Brain
amino acid requirements and toxicity: the example of leucine. J Nutr. (2005)
135:1531S—8S. doi: 10.1093/jn/135.6.1531S

20. Anyanwu EC. Neurochemical changes in the
implications in medication in the elderly. Sci
7:1603-10. doi: 10.1100/tsw.2007.112

21. Carlsson, A. Brain neurotransmitters in aging and dementia: similar
changes across diagnostic dementia groups. Gerontology. (1987)
33:159-67. doi: 10.1159/000212870

Irvine

Brain  Res.

aging  process:
World ] (2007)

Frontiers in Nutrition | www.frontiersin.org

March 2020 | Volume 7 | Article 23


https://www.frontiersin.org/articles/10.3389/fnut.2020.00023/full#supplementary-material
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.3233/JAD-190426
https://doi.org/10.1186/s13195-017-0297-z
https://doi.org/10.1097/WAD.0000000000000274
https://doi.org/10.1017/S0033291700009119
https://doi.org/10.1001/jama.249.21.2917
https://doi.org/10.1093/ajcn/65.1.20
https://doi.org/10.3233/JAD-2012-120862
https://doi.org/10.3233/JAD-170742
https://doi.org/10.1002/rcm.4026
https://doi.org/10.1093/jn/130.4.1016S
https://doi.org/10.1016/S0006-8993(02)03262-6
https://doi.org/10.1046/j.1460-9568.2003.02746.x
https://doi.org/10.1073/pnas.1103098108
https://doi.org/10.1016/S0006-8993(03)02694-5
https://doi.org/10.1016/j.neulet.2004.07.069
https://doi.org/10.1016/j.bbr.2004.05.028
https://doi.org/10.1093/jn/135.6.1531S
https://doi.org/10.1100/tsw.2007.112
https://doi.org/10.1159/000212870
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Sato et al.

Amino Acids Improved Cognitive Function

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Saransaari P, Oja SS. Age-related changes in the uptake and release of
glutamate and aspartate in the mouse brain. Mech Ageing Dev. (1995)
81:61-71. doi: 10.1016/0047-6374(95)01583-L

Gibson GE, Peterson C, Sansone J. Neurotransmitter and carbohydrate
metabolism during aging and mild hypoxia. Neurobiol Aging. (1981)
2:165-72. doi: 10.1016/0197-4580(81)90017-8

Pilipenko V, Narbute K, Amara I, Trovato A, Scuto M, Pupure J, et al. GABA-
containing compound gammapyrone protects against brain impairments in
Alzheimer’s disease model male rats and prevents mitochondrial dysfunction
in cell culture. J Neurosci Res. (2019) 97:708-26. doi: 10.1002/jnr.24396

Aalto S, Briick A, Laine M, Négren K, Rinne JO. Frontal and temporal
dopamine release during working memory and attention tasks in
healthy humans: a positron emission tomography study using the high-
affinity dopamine D2 receptor ligand [11C]JFLB 457. ] Neurosci. (2005)
25:2471-7. doi: 10.1523/]NEUROSCI.2097-04.2005

Kwon HB, Sabatini BL. Glutamate induces de novo growth of functional spines
in developing cortex. Nature. (2011) 474:100-4. doi: 10.1038/nature09986
Daisley JN, Gruss M, Rose SP, Braun K. Passive avoidance training and
recall are associated with increased glutamate levels in the intermediate
medial hyperstriatum ventrale of the day-old chick. Neural Plast. (1998)
6:53-61. doi: 10.1155/NP.1998.53

Paddon-Jones D, Leidy H. Dietary protein and muscle in
older persons. Curr Opin Clin  Nutr Metab Care. (2014)
17:5-11. doi: 10.1097/MCO.0000000000000011

Volpi E, Campbell WW, Dwyer JT, Johnson MA, Jensen GL, Morley JE,
et al. Is the optimal level of protein intake for older adults greater than
the recommended dietary allowance? ] Gerontol A Biol Sci Med Sci. (2013)
68:677-81. doi: 10.1093/gerona/gls229

Bauer J, Biolo G, Cederholm T, Cesari M, Cruz-Jentoft AJ, Morley JE, et al.
Evidence-based recommendations for optimal dietary protein intake in older
people: a position paper from the PROT-AGE Study Group. ] Am Med Dir
Assoc. (2013) 14:542-59. doi: 10.1016/j.jamda.2013.05.021

Deutz NE, Bauer JM, Barazzoni R, Biolo G, Boirie Y, Bosy-Westphal
A, et al. Protein intake and exercise for optimal muscle function with
aging: recommendations from the ESPEN Expert Group. Clin Nutr. (2014)
33:929-36. doi: 10.1016/j.clnu.2014.04.007

32.

33.

34.

35.

36.

37.

38.

Pilgrim AL, Robinson SM, Sayer AA, Roberts HC. An overview

of appetite decline in older people. Nurs Older People. (2015)
27:29-35. doi: 10.7748/n0p.27.5.29.€697

Pelchat ML,  Schaefer ~S.  Dietary monotony and  food
cravings in young and elderly adults. Physiol Behav. (2000)

68:353-9. doi: 10.1016/S0031-9384(99)00190-0

Kawashima K, Motohashi Y, Fujishima I. Prevalence of dysphagia
among  community-dwelling  elderly
using a questionnaire for dysphagia
19:266-71. doi: 10.1007/s00455-004-0013-6
Yamaguchi K, Tohara H, Hara K, Nakane A, Kajisa E, Yoshimi K, et al.
Relationship of aging, skeletal muscle mass, and tooth loss with masseter
muscle thickness. BMC Geriatr. (2018) 18:67. doi: 10.1186/s12877-018-
0753-z

Maeda K, Akagi J. Decreased tongue pressure is associated with
sarcopenia and sarcopenic dysphagia in the elderly. Dysphagia. (2015)
30:80-7 doi: 10.1007/s00455-014-9577-y

Polzer I, Schimmel M, Muller F Biffar R. Edentulism as part of the
general health problems of elderly adults. Int Dent J. (2010) 60:143-55.
doi: 10.1922/IDJ_2184Polzer13

Drozdowski L, Thomson AB. Aging and the intestine. World ] Gastroenterol.
(2006) 12:7578-7584. doi: 10.3748/wjg.v12.i47.7578

estimated
(2004)

individuals  as
screening. Dysphagia.

Conflict of Interest: HS, MT-Y, NK, KM, SU, MK, MN, SK, MI, KS, KN, AK are
employed by Ajinomoto Co., Inc.

The remaining authors conducted research funded by Ajinomoto Co., Inc.

Copyright © 2020 Sato, Tsukamoto-Yasui, Takado, Kawasaki, Matsunaga, Ueno,
Kanda, Nishimura, Karakawa, Isokawa, Suzuki, Nagao, Higuchi and Kitamura.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

March 2020 | Volume 7 | Article 23


https://doi.org/10.1016/0047-6374(95)01583-L
https://doi.org/10.1016/0197-4580(81)90017-8
https://doi.org/10.1002/jnr.24396
https://doi.org/10.1523/JNEUROSCI.2097-04.2005
https://doi.org/10.1038/nature09986
https://doi.org/10.1155/NP.1998.53
https://doi.org/10.1097/MCO.0000000000000011
https://doi.org/10.1093/gerona/gls229
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.1016/j.clnu.2014.04.007
https://doi.org/10.7748/nop.27.5.29.e697
https://doi.org/10.1016/S0031-9384(99)00190-0
https://doi.org/10.1007/s00455-004-0013-6
https://doi.org/10.1186/s12877-018-0753-z
https://doi.org/10.1007/s00455-014-9577-y
https://doi.org/10.1922/IDJ_2184Polzer13
https://doi.org/10.3748/wjg.v12.i47.7578
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Protein Deficiency-Induced Behavioral Abnormalities and Neurotransmitter Loss in Aged Mice Are Ameliorated by Essential Amino Acids
	Introduction
	Materials and Methods
	Animals
	Diet and Amino Acid Intervention
	Quantification of Amino Acid and Monoamine Concentrations in the Plasma and Brain Tissue
	Elevated Plus Maze
	Passive Avoidance Test
	Statistics

	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


