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Summary y-Aminobutyric acid (GABA) is an amino acid found in unpolished rice, choco-
late, tea, and other foods. It is an important inhibitory neurotransmitter. However, the influ-
ence of GABA on object recognition and working memory is still unknown. In this study,
the effects of GABA on novel object recognition (NOR) memory and working memory were
examined. The proper retention interval and delay time were also investigated for the NOR
test and T-maze test, respectively. Male 3-wk-old Wistar rats were allowed free access to food
and water containing 0.5% GABA or 1% GABA for a month. After that, the rats performed
the NOR test at a 48 h retention interval and T-maze test at a 900 s delay time to estimate
the effects of GABA on learning behavior. The results showed that the object information in
the NOR test was stored as long-term memory and the recognition index (RI) was signifi-
cantly increased after GABA administration. The accuracy rate also significantly increased
after GABA administration. These indicate that GABA may be involved in long-term object

recognition memory and working memory.
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Memory is the process of acquiring, storing, and
retrieving information. Learning is the skill of acquir-
ing and encoding information about an object and its
context. This skill is essential and allows for the effec-
tive retrieval of information. The length of time that a
behavior continues determines its degree of retention in
short term memory (minutes to hours) and long term
memory (days to years) (1). Recognition memory is the
ability to recognize a previously experienced item (2). It
requires a learning process in which an object is identi-
fied and information about its environment is perceived
(3, 4). Moreover, investigators have indicated that dif-
ferent types of memory formation require a variety of
memory systems in different areas of the brain (3, 4).

Working memory can be defined as the systems that
are essential for keeping information in mind while per-
forming complex tasks, e.g. reasoning, comprehension,
and learning (5). Many studies have shown that y-ami-
nobutyric acid (GABA) is involved in working memory
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processes (6, 7). GABA depletion in the prefrontal cortex
causes deficits in delay-task performance in the monkey
(7). Fuster (8) demonstrated that GABA-ergic inter-
neurons are importantly involved in the encoding and
maintenance of information in working memory. How-
ever, the effect of GABA intake on the working memory
is still unclear.

GABA is found naturally in many foods, such as toma-
toes, unpolished rice, chocolate, tea, fermented food
and small fish. Recently, GABA has been recognized as
a functional food component. However, very few stud-
ies have investigated the relevance of GABA to learning
behavior, to object recognition memory, or to working
memory (6, 9).

Therefore, this study may help to clarify the effects of
chronic GABA administration on animal behavior and
memory based on the NOR test and the T-maze test. The
novel object recognition (NOR) test is widely accepted as
a standard approach for evaluating recognition mem-
ory. The task is based on an animal’s judgment of the
familiarity of objects it has experienced (10).

The T-maze test is a behavioral test based on the
willingness of animals to explore a new environment,
i.e. a preference to visit a new arm of a maze over a
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familiar arm. Jeneson and Squire (11) suggested per-
formance on tasks involving long delays frequently
requires long-term memory where attention is diverted,
while working memory is sufficient for the tasks involv-
ing short delays and the amount of information to be
maintained is limited. In the present study, the NOR test
was used to evaluate the long-term object recognition
memory. However, the NOR test is not appropriate to
determine the influence of GABA on working memory
as the retention interval was too long and the amount
of information to be maintained is overwhelming for
testing working memory. Therefore, the delayed non-
matching-to-sample (DNMTS) task in a T-maze test is a
suitable paradigm to assess the performance dependent
on working memory.

Materials and Methods

Animals and diets. Male 3-wk-old Wistar rats (Japan
SLC, Inc., Hamamatsu, Japan) weighing approximately
60 g were housed at 24+1°C, 55=5% humidity in a
room with a 12-h light/dark cycle. The rats were housed
4-5 rats per cage. Experiments in this study were carried
out in accordance with Guidelines for the Care and Use
of Laboratory Animals of the University of Shizuoka,
which are based on the American Association for Labo-
ratory Animals Science standards.

Retention intervals. In this experiment, rats were
divided into 3 groups, i.e. control-1 h, control-24 h,
and control-48 h. Rats (n=5) received food (standard
diet, CE-2 CLEA Japan, Inc., Tokyo) and tap water. On
the day of the experiment (the sample trial, T1), rats
received the diets 30 min prior to the test. Then rats
were habituated to the empty chamber before two
identical objects were placed centrally in the chamber
(9 cm from the walls); the rats were allowed to explore
the chamber and the objects (A1 and A2) for 5 min. In
the second trial (the choice trial, T2), the encountered
object (A2) was replaced with a novel object (B2). The
objects and the ground of the box were wiped with a
piece of cloth, which was saturated in the natural odor
of rats to prevent the rats from receiving olfactory cues
from scent traces left on the objects. Then the rats were
allowed to explore and observe the objects for 3 min.
The retention intervals between T1 and T2 were 1, 24
and 48 h. Exploration was considered to have occurred
when the rats faced the object at a distance =2 c¢cm and/
or touched it with their noses. Circling the object or sit-
ting on it were not considered exploration. The perfor-
mance of the rats was monitored on a closed-circuit TV
screen in the next room, and their exploration time was
manually recorded. All objects used in the device and
the relative positions of objects were counterbalanced
and randomly permuted.

Evaluation of the rats’ recognition memory was
expressed as percentage of the recognition index (RI),
according to the following formula.

o) — L)
RI (%) (N+F X100
where N=the time spent exploring the novel object (B2),
and F=the time spent exploring the familiar object (A1).
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After the completion of the NOR test, the rats were
trained on the T-maze test.

Delay times. After the retention interval test, rats
(n=5) performed the delay-time T-maze test. The test
followed previous studies by Le Greves et al. (12), Liu
and Collie (13), Furukawa et al. (14), and Grzeda et al.
(15). Briefly, the test was performed using a T-shaped
maze made of wood painted black inside. The size of the
start arm was 59 cmX9 cmX 15 cm, and the two goal
arms were 50 cmX9 cmX15 cm. The upper surface of
the maze was capped with an acrylic plate. A piece of
standard laboratory chow was placed on a 4 cm diam-
eter pottery container. Rats were deprived of food for
24 h before the learning session. For the first 3 d of the
training session, 3 g of food was placed in both goal
arms, and then the rats were allowed to freely explore
and familiarize themselves with the maze for 10 min.
On day 4 of the training session, the learning phase was
conducted by closing one of the goal arms with a slid-
ing door (guillotine) to train the rats to enter the open
goal arm. Food was provided at the end of the open goal
arm and the rat was removed from the maze after eat-
ing. The location of the open arm was counterbalanced.
The maze was carefully cleaned after the learning ses-
sion. Each rat was trained 4 times with a 4 min interval
after each training session. On day 5 to 8 of the train-
ing session, the test phase was conducted with both goal
arms opened, but only the previously closed arm con-
tained food. Rats tended to explore the previously closed
arm. Each rat was given 4 training sessions per day, with
a 4 min interval after each training session. Rats which
either did not start moving into the maze within 1 min
or had an accuracy rate of less than 75% were excluded
from the test. A delay period of 3, 300, 900, and 1,800 s
was introduced between the learning and test phases.
The rats were kept in the cage during the delay time.
Then a rat was immediately placed in the start arm. The
test was repeated 5 times over 2 d. The percentage of
accuracy rate was calculated for each animal.

Open field test and the effect of GABA on NOR memory.
In this experiment, rats were divided into 3 groups, i.e.
control, 0.5% GABA, and 1% GABA. The rats perform-
ing in this experiment were not the same rats tested in
the retention interval experiment. The control group
(n=8) received food and water without GABA, and
the other two groups (n=8) received food and water
containing 0.5% or 1% GABA. Water intake and body
weight were measured daily. After 1 mo, the rats per-
formed the open field and NOR test to estimate the effect
of GABA. The procedure was partially modified from the
method of Puma et al. (16) and Bertaina-Anglade et al.
(17). An open field test was conducted on the first and
second days of the experiment. The apparatus, which
was an open square box (70X 70X40 cm) made of plas-
tic walls and a black plastic floor, was placed in a dark
room under infrared rays, because of videotaped dur-
ing an open field test and replayed for analysis. The rats
were allowed to explore the empty open field for 5 min.
The rats received the diets 30 min prior to performing
the tests. The procedure of the NOR test repeated the
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Fig. 1. Body weight of the rats in control, 0.5% GABA and 1% GABA groups.
Table 1. The total locomotion (cm) and % center in Table 2. The time (s) that rats in control, 0.5% GABA,

open field test of rats in control, 0.5% GABA, and 1%
GABA groups.!

Open field test

Total locomotion % Center in

(cm) open field test
Control 2,165.0+75.8 16.9+2.2
0.5% GABA 2,045.8+76.5 16.8+1.9
1% GABA 2,150.6%+54.0 15.2+2.4

1 Values are means and SE, n=5.

retention interval experiment with retention intervals.

T-maze test. The same rats (n=38) from the NOR test
were used in the T-maze behavioral test with a delay
time of 900 s. The procedure of this experiment was the
same as the delay time experiment, which followed Le
Greves et al. (12), Liu and Collie (13), Furukawa et al.
(14), and Grzeda et al. (15).

Statistical analysis. Data are given as means=*SE.
Statistical analysis was performed with the one-way
ANOVA t-test to determine whether there were signifi-
cant («=0.05) differences among the groups, followed
by the post-hoc Tukey-Kramer and Games-Howell tests
to determine which means were significantly different.
A p value of less than 0.05 was considered significant.

Results and Discussion

Previous studies have already shown that GABA is
involved in memory formation. This study reveals the
behavioral effects of GABA administered in water. The
body weight of the rats in all three groups increased
gradually as they grew older. However, there was no
significant difference in the body weight among the
three groups (Fig. 1). The amount of GABA adminis-
tered was approximately O mg (control), 119 mg (0.5%

and 1% GABA groups spent exploring the object (A1)
in the sample phase (T1) and the time (s) spent explor-
ing the familiar object in the choice phase (T2).!

Exploration time (s)

Trial 1 (Object A1,
sample phase)

Trial 2 (Familiar object
A1, choice phase)

Control 19.7%x1.9 18.6x2.1
0.5% GABA 25.0x1.4 14.9+1.4
1% GABA 24.7+4.0 11.5£2.0*

! Values are means and SE, n=8. * Significantly different
from the control (p<0.05).

GABA), and 238 mg (1% GABA). The animals’ perfor-
mance in the open field is shown in Table 1. The total
locomotion (cm) (F2,21)=0.874, p<0.05) and % center
(F2.21y=0.313, p<0.05) of the rats was not significantly
different among the three groups. Therefore, GABA nei-
ther affects locomotor activity, level of anxiety nor body
weight.

The effect of the retention interval on NOR memory
was studied in order to determine the retention time
for the NOR test. Rats in the control groups performed
the NOR task with retention times of 1, 24, or 48 h.
The results showed a significant decrease in the RI of
the control at 48 h (52+3%) compared to 1 h (67*=3%)
(F2.12=4.554, p<<0.05). In addition, retention inter-
vals did not affect the exploratory activity. Hence, 48 h
was selected as the retention time for the NOR test to
study the effect of GABA on NOR memory.

Table 2 shows the time spent exploring the object
Al in T1 of all groups was around 20-30 s. However,
there was no significant difference among the three
groups (F21=1.246, p<0.05). In T2, all rats spent a
shorter time exploring the familiar object compared to
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Table 3. The RI (%) at 48 h of retention interval and
accuracy rate (%) at delay time of 900 s of rats in con-
trol, 0.5% GABA, and 1% GABA groups.!

Recognition time (%)  Accuracy rate (%)

Control 53.8+1.7 54.2+3.7
0.5% GABA 60.8+1.2* 70.0*+3.1*
1% GABA 66.5*+2.5% 60.0x2.5

!Values are means and SE, n=8. *Significant difference
from the controls (p<<0.05).

the exploration time in T1 (Table 2). However, the time
spent exploring the familiar object (T2) by the 1% GABA
group was significantly shorter than that of the control
(F2.21y=3.585, p<0.05), while there was no significant
difference between control and 0.5% GABA (p<<0.05).
Table 3 shows the RI of the control group, 0.5% GABA,
and 1% GABA. GABA intake resulted in a significant
increase in RI compared to the control group (p<0.05).
However, there was no significant difference in the RI
between the 0.5% and 1% GABA groups (p<0.05).

A number of investigators have suggested that sev-
eral brain areas are involved in the recognition process.
Brown and Aggleton (3) and Yonelinas et al. (4) pro-
posed that the recognition process consists of at least
two processes, i.e. recognition of familiar things, and
recall of contextual information related to those things.
Hence, recognition of a part of a contextual clue could
lead to remembering the familiar object in the NOR test,
and to exploring the new arm in the T-maze task. In the
present study, the increase in the recognition index after
GABA was administered indicates that GABA affected
the recognition memory of the rats. However, there
were very few contextual habituations in this study, e.g.
the room used in the NOR test was dark and no olfac-
tory cues existed. The time spent exploring the familiar
object in T1 of all groups was around 20-30 s, which
was long enough for the rats to encode the object’s infor-
mation. Moreover, the exploration time of all groups for
the familiar object in T2 was less than both the explora-
tion time for the encountered object in the sample phase
and the time spent exploring the novel object. In addi-
tion, there was a repetition of the learning and test ses-
sions, and the retention interval of the NOR test appears
to have been long enough for the consolidation process.
Therefore, in this case, it is very likely that the object’s
information was stored in the brain as long-term mem-
ory. Nevertheless, in the present study, GABA concen-
tration was not related to an increase in the RI.

Previous studies have shown that protein synthesis in
the brain is important for the memory formation pro-
cess (18-20). Investigators have reported that growth
hormone was increased after GABA intake (21-23).
Moreover, previous studies have shown that the increase
in growth hormone level correlated to protein synthe-
sis rate in the brain (21). In addition, several investiga-
tors have demonstrated that memory function of adult
patients with growth hormone deficiency was improved
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after growth hormone treatment (24, 25). Therefore,
GABA may affect protein synthesis in those brain areas
relating to object recognition memory. However, further
studies are required to confirm this hypothesis.

The accuracy rate was significantly decreased at
900 s (18+4%) and 1,800 s (6*=2%) compared to 3 s
(82+6%) (F316=51.256, p<0.05). In other words,
the working memory of the rats had almost completely
faded at the 900 s delay time. Thus, the DNMTS test was
conducted at a delay time of 900 s. Table 3 shows an
increase in percent accuracy rate after GABA intake.
The accuracy rate of the 0.5% GABA group was signifi-
cantly higher than that of the control (F.1)=6.573,
p<0.05). In addition, although the accuracy rate
increased after 1% GABA administration, it was not
significantly different from that of the control and the
0.5% GABA groups (p<0.05). Jeneson and Squire (11)
suggested that the amount of information that could be
kept in mind and the importance of the information were
the indices to determine whether the performance relied
only on working memory or also depended on long-term
memory. However, long-term memory was required to
support the performance when attention was diverted
(11). In addition, attention tends to be diverted as the
retention time after learning increases; a shorter reten-
tion interval decreases the chance that attention will be
diverted (11). Therefore, in the present study, working
memory appears to be sufficient for the performance in
the T-maze task at the delay time of 900 s as the work-
ing memory had almost faded and 1,800 s may be too
long to maintain information in working memory. As for
the accuracy rate, the rate increased significantly after
GABA intake. This indicates that the rats administered
GABA could maintain information in mind for a lon-
ger time compared to the rats drinking only tap water.
However, the accuracy rate was not correlated with an
increase in the concentration of GABA. Stanton et al.
(26) showed that posterodorsal septal lesions impair
behavioral functions, resulting in a decrease in the
accuracy rate in both the delayed matching to sample
(DMTS) and delayed non-matching to sample (DNMTS)
tests. Furthermore, declines in the accuracy rate in the
DNMTS task in T-maze test have been reported in rela-
tion to lesions in the inside septum (27), outside septum
(28), entorhinal cortex (29), and the CA3 region of the
hippocampus (30, 31). Additionally, Baddeley et al. (32)
suggested that the hippocampus is involved in work-
ing memory. Similarly, hippocampal, amygdala, and
caudate nucleus lesions revealed that working memory
requires a functioning hippocampus, while reference
memory requires a functioning dorsal septum (17).
Our study indicates that GABA might affect the hippo-
campus and/or caudate nucleus septum, which in turn
affect the maintenance of working memory.

The present study has demonstrated that administra-
tion of GABA appears to be related to the maintenance
of both long-term NOR memory and working memory.
GABA might contribute to protein synthesis in the brain
regions participating in the processes of learning and
recognition memory by affecting the level of growth
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hormone. Future studies will be concerned with evalu-
ating the influence of hormones, neurotrophic factors,
and protein synthesis in the regions of the brain related
to recognition and working memory, e.g. the hippo-
campus and cortex following GABA intake on learning
behavior and memory. Moreover, task difficulty, as well
as stress and interference, are also important factors
to be considered; thus, a variety of behavioral assess-
ments should be carried out to clarify the role of GABA
in working memory, reference memory, and learning
behavior.

Acknowledgments

The authors are grateful to thank Dr. M. Ohsumi, and
Mr. H. Abiko for their valuable technical assistance, and
Mr. P. Hawke for his comments on English grammar.
This work was supported in part by grants for scien-
tific research from Shizuoka Prefecture, and the global
COE program from the Ministry of Education, Culture,
Sports, Science and Technology of Japan.

REFERENCES

1) Kandel ER, Schwartz JH. 1982. Molecular biology of
learning: modulation of transmitter release. Science
218:433-443.

2) Broadbent NJ, Squire LR, Clark RE. 2004. Spatial mem-
ory, recognition memory, and the hippocampus. Proc
Natl Acad Sci USA 101: 14515-14520.

3) Brown MW, Aggleton JP. 2001. Recognition memory:
What are the roles of the perirhinal cortex and hippo-
campus? Nat Rev Neurosci 2: 51-61.

4) Yonelinas AP, Kroll NEA, Quamme JR, Lazzara MM,
Sauvé MJ], Widaman KF, Knight RT. 2002. Effects of
extensive temporal lobe damage or mild hypoxia on rec-
ollection and familiarity. Nat Neurosci 5: 1236-1241.

5) Baddeley A. 2010. Working memory. Curr Biol 20:
R136-R140.

6) KatzR]J, Liebler L. 1978. GABA involvement in memory
consolidation: Evidence from posttrial amino-oxyacetic
acid. Psychopharmacology 56: 191-193.

7)  Michels L, Martin E, Klaver P, Edden R, Zelaya F, Lythgoe
DJ, Liichinger R, Brandeis D, O’'Gorman RL. 2012. Fron-
tal GABA levels change during working memory. PloS
ONE 7: 1-8.

8) TFuster JM. 2001. The prefrontal cortex—an update:
time is of the essence. Neuron 30: 319-333.

9) Menzies L, Ooi C, Kamath S, Suckling J, McKenna P,
Fletcher P, Bullmore E, Stephenson C. 2007. Effects of
y-aminobutyric acid-modulating drugs on working
memory and brain function in patients with schizophre-
nia. Arch Gen Psychiatry 64: 156-167.

10) Broadbent NJ, Gaskin S, Squire LR, Clark RE. 2010.
Object recognition memory and the rodent hippocam-
pus. Learn Mem 17: 5-11.

11) Jeneson A, Squire LR. 2012. Working memory, long-
term memory, and medial temporal lobe function. Learn
Mem 19: 15-25.

12) Le Greves M, Zhou Q, Berg M, Le Greves P, Fholenhag K,
Meyerson B, Nyberg F. 2006. Growth hormone replace-
ment in hypophysectomized rats affects spatial perfor-
mance and hippocampal levels of NMDA receptor sub-
unit and PSD-95 gene transcript levels. Exp Brain Res
173:267-273.

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

24)

25)

26)

27)

28)

29)

THANAPREEDAWAT P et al.

Liu P, Collie ND. 2009. Behavioral effects of agmatine in
naive rats are task- and delay-dependent. Neuroscience
163: 82-96.

Furukawa S, Kawasaki K, IwasakiT. 199 3. Effects of hip-
pocampal, amygdaloid, and caudate lesions on delayed
matching and non-matching to sample responses in
T-maze in rats. Tsukuba Psychological Research 15: 1-9.
Grzeda E, Wisniewska RJ], Wisniewski K. 2007. Effect of
an NMDA receptor agonist on T-maze and passive avoid-
ance test in 12-week streptozotocin-induced diabetic
rats. Pharmacol Rep 59: 656-663.

Puma C, Deschaux O, Molimard R, Bizot JC. 1999. Nico-
tine improves memory in an object recognition task in
rats. Eur Neuropsychopharmacol 9: 323-327.
Bertaina-Anglade V, Enjuanes E, Morillon D, la Rochelle
D. 2006. The object recognition task in rats and mice: A
simple and rapid model in safety pharmacology to detect
amnesic properties of a new chemical entity. ] Pharmacol
Toxicol Methods 54: 99-105.

Davis HP, Squire LR. 1984. Protein synthesis and mem-
ory: A review. Psychol Bull 96: 518-559.

Rossato JI, Bevilaqua LRM, Myskiw JC, Medina JH, Izqui-
erdo I, Cammarota M. 2007. On the role of hippocam-
pal protein synthesis in the consolidation and recon-
solidation of object recognition memory. Learn Mem 14:
36—46.

Balderas I, Chavez-Hurtado J, Rodriguez-Ortiz CJ, Mc-
Gaugh JL, Salgado-Tonda P, Bermudez-Rattoni F. 2008.
The consolidation of object and context recognition
memory involve different regions of the temporal lobe.
Learn Mem 15: 618—-624.

Tujioka K, Okuyama S, Yokogoshi H, Fukaya Y, Hayase
K, Horie K, Kim M. 2007. Dietary y-aminobutyric acid
affects the brain protein synthesis rate in young rats.
Amino Acids 32: 255-260.

Tujioka K, Ohsumi M, Horie K, Kim M, Hayase K, Yoko-
goshi H. 2009. Dietary y-aminobutyric acid affects the
brain protein synthesis rate in ovariectomized female
rats. | Nutr Sci Vitaminol 55: 75-80.

Tujioka K, Ohsumi M, Sakamoto K, Thanapreedawat P,
Akao M, Kim M, Hayase K, Yokogoshi H. 2011. Effect
of dietary effect of dietary y-aminobutyric acid on the
brain protein synthesis rate in hypophysectomized aged
rats. ] Nutr Sci Vitaminol 57: 285-291.

Gibney J, Wallace JD, Spinks T, Schnorr L, Ranicar
A, Cuneo RC, Lockhart S, Burnand KG, Salomon F,
Sonksen PH, Russell-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.

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

Stanton ME, Thomas GJ, Brito GN. 1984. Posterodorsal
septal lesions impair performance on both shift and stay
working memory tasks. Behav Neurosci 98: 405-415.
Hepler DJ, Wenk GL, Cribbs BL, Olton DS, Coyle JT. 1985.
Memory impairments following basal forebrain lesions.
Brain Res 346: 8—14.

Rawlins JNP, Olton DS. 1982. The septohippocam-
pal system and cognitive mapping. Behav Brain Res 5:
331-358.

Scheff SW, Cotman CW. 1977. Recovery of spontaneous
alternation following lesions of the entorhinal cortex in
adult rats: Possible correlation to axon sprouting. Behav



GABA Affects Novel Object Recognition Memory and Working Memory in Rats 157

Biol 21: 286-293.

Handelmann GE, Olton DS. 1981. Recovery of function
after neurotoxic damage to the hippocampal CA3 region:
Importance of postoperative recovery interval and task
experience. Behav Neural Biol 33: 453-464.
Handelmann GE, Olton DS. 1983. Effects of time and

experience on hippocampal neurochemistry after dam-
age to the CA3 subfield. Pharmacol Biochem Behav 18:
551-561.

Baddeley A, Jarrold C, Vargha-Khadem F. 2011. Work-
ing memory and the hippocampus. | Cogn Neurosci 23:
3855-3861.



