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Abstract The present study investigated changes in behav-
iour associated with oral monosodium glutamate (a flavouring
agent), using the open field, elevated plus maze and condi-
tioned place preference (CPP) paradigms, respectively. Mice
were assigned to two groups for CPP [monosodium glutamate
(MSG)-naïve (n = 40) and MSG-pretreated (n = 40)] and two
groups for open field (OF) and elevated plus maze (EPM) tests
[n = 40 each], respectively. Animals in respective groups were
then divided into four subgroups (n = 10) (vehicle or MSG
(80, 160 and 320 mg/kg)). MSG-naïve mice were observed in
the CPP box in three phases (pre-conditioning, conditioning
and post-conditioning). Mice were conditioned to MSG or an
equivalent volume of saline. The MSG pretreatment group
received vehicle or respective doses ofMSG daily for 21 days,
prior to conditioning. Mice in the OF or EPM groups received
vehicle or doses of MSG (orally) for 21 days, at 10 ml/kg.
Open field or EPM behaviours were assessed on days 1 and
21. At the end of the experiments, mice in the OF groups were
sacrificed and brain homogenates used to assay glutamate and
glutamine. Results showed that administration of MSG was
associated with a decrease in rearing, dose-related mixed hor-
izontal locomotor, grooming and anxiety-related response and
an increase in brain glutamate/glutamine levels. Following
exposure to the CPP paradigm, MSG-naïve and MSG-
pretreated mice both showed ‘drug-paired’ chamber prefer-
ence. The study concluded that MSG (at the administered

doses) was associated with changes in open field activities,
anxiety-related behaviours and brain glutamate/glutamine
levels; its ingestion also probably leads to a stimulation of
the brain reward system.

Keywords Conditioned place preference . Novelty-induced
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Introduction

Compulsive consumption of palatable foods has been associ-
ated with activation of the brain reward system in humans and
animals (Olsen 2011; Hebebrand et al. 2014). Such foods or
some of their components are believed to possess an inherent
ability to induce dependence (Hebebrand et al. 2014). Studies
have shown that different components of food may trigger
compulsive eating, and in both humans and animals, differen-
tial effects of high-fat, high-sugar or high-protein diet on eat-
ing behaviour (Avena et al. 2008; Avena et al. 2012; Tulloch
et al. 2015; Schulte et al. 2016) and neurotransmitter chemis-
try (Bocarsly et al. 2010) have been reported. Recently, de-
bates on the relationship that might exist between food addi-
tives (e.g. culinary flavour enhancers) and a repeated urge to
consume certain foods have also increased considerably
(Morris et al. 2008; Cocores and Gold 2009; Blaylock
2014). There are even suggestions that the consumption of
highly processed foods may promote ‘food addiction’
(Johnson and Kenny 2010; Gearhardt et al. 2011). These sug-
gestions are related to the fact that, although many food ingre-
dients lack intoxication capacity, studies have shown that
some foods or their additives (e.g. saccharin) appear to induce
reinforcement behaviours similar to or possibly exceeding
those associated with drugs of abuse (Lenoir et al. 2007;
Gearhardt et al. 2011). They could also trigger addiction-like
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neuroadaptive responses in the brain reward circuits (Johnson
and Kenny 2010). Highly processed foods may also have been
altered in ways similar to addictive drugs (Gearhardt et al.
2011); indeed, certain formulations of processed foods have
been designed to maximise palatability and/or reward (Spence
2012). Despite speculations regarding the factors that are pres-
ent in food that may stimulate compulsive eating, there is not
sufficient scientific evidence to consider any food ingredient,
micronutrient or standard food additive as addictive
(Hebebrand et al. 2014).

Monosodium glutamate (MSG), a prototype of the umami
taste sensation, is a savoury flavour (McCabe and Rolls 2007)
which has been used to improve the palatability and accept-
ability of a variety of foods (Prescott 2004). Despite its wide
acceptance and presumed safety, the hint of a possible addic-
tive potential of MSG continues to be the focus of a number of
health debates and a central theme of discussion in a number
of nutrition and health-related blogs (Moskin 2008; Blaylock
2014). There are suggestions that MSG plays a dual role in
nutrition; studies have reported that MSG increases hedonic
perception; hence, it has the ability to possibly stimulate ap-
petite and food intake. Secondly, it helps to maintain stable
energy levels (Masic and Yeomans 2013). There are also ev-
idences to suggest thatMSG reinforces (through conditioning)
preferences for its own flavour and flavours related to it
(Tsurugizawa and Torii 2010; Ackroff and Sclafani 2013). In
previous studies that utilised self-administration protocols
(resulting in a total daily consumption of MSG that is higher
than the bolus doses given in the present study), MSG at a
concentration of 200–300mM/L (self-administered at approx-
imately 13.5–20.3 g/kg/day) was shown (in mice) to induce
conditioned taste preference for itself and MSG-paired fla-
vours (Bachmanov et al. 2000, Ackroff et al. 2012; Ackroff
and Sclafani 2013). Tsurugizawa and Torii (2010) also report-
ed that an intragastric load of MSG evoked conditioned fla-
vour preference in rats. However, MSG’s role as a flavour
enhancer ordinarily suggests that its presence in foods will
enhance consumption, and this does not have to be related to
an addictive potential. Ingested MSG undergoes extensive
metabolism in the gut (Nakamura et al. 2013); however, the
total quantity of glutamate that is directly absorbed increases
significantly, as more MSG is ingested (Onaolapo et al.
2016a). Numerous studies evaluating the effects of MSG on
the brain (Onaolapo et al. 2015, 2016a, 2016b) at doses within
the average range of daily intake in humans (Geha et al. 2000;
Beyreuther et al. 2007; Shi et al. 2010) or above it (Gonzalez-
Burgos et al. 2001; Hashem et al. 2012) have been published.
However, there is still a dearth of information on the potential
effects of ingested MSG on the brain reward system.

In the last decade, emphasis has been on the importance of
brain glutamate in addiction (Tzschentke and Schmidt 2003);
also, imbalances in glutamate homeostasis have been reported
to alter brain plasticity, especially as it relates to dopaminergic

neurons (in the prefrontal cortex and nucleus accumbens)
(Miyamoto et al. 2001, Paz 2005). Neuroplasticity of the
cortico-striatal circuitry has been linked to dependence and
addictive behaviour (Tzschentke and Schmidt 2003).
Glutamate has also been reported to stimulate striatal dopa-
mine release (Nakanishi 1992) and influence the reward sys-
tem via its effects on dopaminergic neurons in the ventral
tegmental area (VTA) (Qi et al. 2014); however, there have
been reports that suggest that glutamatergic projections from
the VTA to the nucleus accumbens also mediate aversion (Qi
et al. 2016). Reports linking glutamate to the reward system
(Qi et al. 2014, 2016) raise the question of the possible effect
of exogenous glutamate on the development and expression of
reward and reward-related behaviours, such as reward-
learning and memory consolidation. The rationale for this
study was the need to have an insight into this, by assessing
the effects of repeated administration of increasing doses of
MSG (80, 160 and 320 mg/kg) on open field spontaneous
locomotor activity/grooming, anxiety-related behaviours in
the elevated plus maze (EPM) and conditioned place prefer-
ence. However, since there is a dearth of information on the
baseline behavioural effects of MSG at these doses (except
80 mg/kg) in the open field, we surmised that we must first
assess the general behavioural effects of MSG (to confirm the
presence or otherwise of central effects at the doses tested).
The EPMmodel was also used, since it is known that there are
neuronal projections between the amygdala bed nucleus of the
stria terminalis (BNST) (which modulates anxiety response)
and the ventral tegmental area (VTA), a region of the brain
that plays an important role in reward or aversion, affirming
the possibility of a behavioural link between anxiety and ad-
diction (Jennings et al. 2013). The study also ascertained the
place preference response to MSG, in MSG-naïve mice or
mice exposed to repeated administration of MSG. We tested
the hypotheses that acute or repeated administration of in-
creasing doses of MSG could alter behaviours in the open
field, elevated plus maze and/or induce conditioned place
preference in a two-chamber paradigm.

Materials and methods

Drug administration

MSG (99.9% purity, Ajinomoto®, West African Seasoning
Company, Lagos, Nigeria) was used for this study. Doses of
MSG were selected with reference to previous studies
(Onaolapo et al. 2015). Mice in the open- field, EPM and
conditioned place preference (CPP) (MSG pretreatment)
groups received either vehicle (distilled water) or MSG (80,
160 and 320mg/kg) by gavage via an oral cannula at a volume
of 10 ml/kg of body weight, daily (starting at 9.00 a.m.), for
21 days.
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Subjects

Adult male Swiss mice (Empire Breeders, Osogbo, Osun
State, Nigeria) were used for this study. Mice were housed
in groups of five in plastic cages located in a temperature-
controlled quarters (22–25 °C) with 12 h light/dark cycle
(lights off at 7.00 a.m.). All animals were fed commercial
(Top feeds®, Premier feeds Ltd., Nigeria) standard chow (cal-
ories: 29% protein, 13% fat, 58% carbohydrate) from
weaning. Mice had access to food and tap water except during
tests. All animals were naïve to the conditioned place prefer-
ence (N = 80) apparatus, open field (N = 40) and elevated plus
maze (N = 40) at the commencement of the tests. All proce-
dures were conducted in accordance with the approved insti-
tutional protocols and within the provisions for animal care
and use prescribed in the scientific procedures on living ani-
mals, European Council Directive (EU2010/63).

Open field test

The open field apparatus is a rectangular arena made of white-
painted wood, measuring 36 × 36 × 26 cm. The floor is made
of hard wood and divided by permanent red markings into 16
equal-sized squares.Micewere placed in the centre of the field
and covered by a small dome for (5 s), which was removed at
the beginning of the 10-min countdown. Generally, spontane-
ous locomotor activity was monitored in the open field after
administration of treatment. Each mouse was introduced into
the field and the total horizontal locomotion (number of floor
units entered with all paws), rearing frequency (number of
times the animal stood on its hind legs either with its forearms
against the walls of the observation cage or free in the air) and
frequency of grooming (number of body-cleaning with paws,
picking of the body and pubis with the mouth and face-
washing actions) were recorded and scored (Onaolapo et al.
2015, 2016a).

Animals used for the open field test (N = 40) were divided
into four (n = 10) groups: VEH and MSG at 80, 160 and
320 mg/kg/day. Open field spontaneous locomotor activity
(horizontal locomotion and rearing) and grooming behaviours
were assessed on days 1 (after first dose) and 21 (after last
dose), 30 min after administration of VEH or MSG. Tests
were conducted in a quiet room between 9 a.m. and 2 p.m.
On each of the test days, mice were transported in their home
cages to the behavioural testing laboratory and allowed to
acclimatise for 30 min before administration of MSG or vehi-
cle. At the beginning of the open field tests, each animal was
placed in the box and its behaviour videotaped (by a ceiling-
mounted digital video camera (SMX-F543B), placed 1.5 m
above the arena) for subsequent analysis, and all interior sur-
faces of the arena were cleaned thoroughly with 70% ethanol
and then wiped dry. At least 5 min was allowed between the
testing of individual animals to ensure that the maze was

completely dry and that dispersal of the residual odour of
alcohol had occurred. The behavioural parameters were later
scored by two independent observers who were blind to the
groupings.

Anxiety test

Anxiety-related behaviour was measured in the EPM. The
EPM is a plus-shaped apparatus made of white-painted wood,
with two open arms measuring 25 × 5 × 0.5 cm lying across
from each other and perpendicular to two closed arms mea-
suring 25 × 5 × 16 cmwith a central platform (5 × 5 × 0.5 cm).
The closed arms are enclosed by two high walls (16 cm),
while the open arms have no side walls. Animals used for
the EPM test (N = 40) were divided into four (n = 10) groups:
VEH andMSG at 80, 160 and 320 mg/kg/day on days 1 (after
first dose) and 21 (after last dose), 30 min after administration
of VEH or MSG. Tests were also conducted in a quiet room
between the hours of 9 a.m. and 2 p.m. On each of these test
days, mice were transported in their home cages to the behav-
ioural testing laboratory and allowed to acclimatise for 30 min
before administration of MSG or vehicle. At the commence-
ment of elevated plus maze tests, animals were placed in the
central platform, facing a closed arm and anxiety related be-
haviours were assessed for 5 min. The criterion for arm visit
was considered only when the animal decisively moved all its
four limbs into an arm. The following were measured: per-
centage time spent in the open or closed arms (time in open or
closed arms/total time spent in the maze, multiplied by 100)
and number of open or closed arm entries (Onaolapo et al.
2016b).

Conditioned place preference

Conditioned place preference apparatus and protocol

The conditioned place preference paradigm is used for deter-
mining both the rewarding and aversive properties of drugs in
animals (Schechter and Calcagnetti 1993). The apparatus used
for the place-conditioning was made of wood and consisted of
two compartments (a white and a black, each 15 × 15 × 15 cm
high); the white compartment had a wooden floor, while the
dark compartment had a glass floor. Compartments were sep-
arated by a removable guillotine door (10 × 15 cm high). The
light intensity within the conditioning chambers was approx-
imately 30 ± 5 Lux.

Place preference of MSG-naïve mice (N = 40) and mice
previously exposed to repeated administration of increasing
doses of MSG (N = 40) were observed in the CPP box.
Mice in the MSG pretreatment group received vehicle or
MSG (80, 160 and 320 mg/kg) orally for 21 days at a volume
of 10 ml/kg, before exposure to the CPP protocol. The last
dose of either vehicle orMSGwas administered 30min before
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first pre-conditioning session commenced. At the beginning
of the CPP test, mice to be tested were habituated in the test
room for 1 h before experiments. Chambers were cleaned with
70% ethanol, to minimise olfactory cues between sessions.
Sessions were videotaped for subsequent analysis and
interpretation.

The CPP protocol used consists of three phases: pre-con-
ditioning, conditioning and post-conditioning. In the pre-
conditioning period, the purpose was to habituate the animals
to the novelty and stress associated with the apparatus, han-
dling prior to conditioning, as well as to identify initial cham-
ber preferences (second pre-conditioning day). For the pre-
conditioning, all animals received an oral gavage of saline
immediately prior to placement in the apparatus. Mice were
exposed to the CPP box with the guillotine door left opened to
allow free movement between the two compartments for
20 min daily, for 2 days. On the second day of precondition-
ing, the time each mouse spent in either compartment was
measured and recorded as baseline pre-conditioning value
for place preference analysis.

For the conditioning procedure, mice were assigned to one
of two conditioning subgroups based on their preference for
the black or white compartment (there was a minimum of five
mice in each subgroup).Mice in each subgroup receivedMSG
paired with the non-preferred chamber and saline paired with
the preferred chamber. Mice were conditioned to MSG or
saline on four alternating days of the 8-day conditioning peri-
od. Each trial lasts 30 min (one trial per day). On days 3, 5, 7
and 9, animals received MSG before exposure to the drug-
paired side, and on days 4, 6, 8 and 10, animals received saline
before introduction to the saline-paired side. Mice in the ve-
hicle group were conditioned to only saline. In the post-
conditioning test (day 11), the guillotine door was opened
and mice allowed to move freely between both compartments
for the duration of the 20-min testing trial. Time spent in the
MSG-paired chamber in the pre-conditioning (day 2) and
post-conditioning (day 11) is recorded, and the development
of place preference was defined as a significant difference
between pre- and post-conditioning values.

Assessment of brain glutamate and glutamine

All mice in the open field group were sacrificed (within 3 min
of the completion of the behavioural test) by cervical disloca-
tion under diethyl-ether anaesthesia and perfused
transcardially with ice-cold saline. Whole brains were dissect-
ed out, blotted dry and immediately weighed. A 10% brain
homogenate was prepared with ice-cold phosphate-buffered
saline using Teflon glass homogeniser. The homogenate was
centrifuged at 5000 rpm (4 °C) for 15 min and the pellet
discarded. The supernatant was used to assay brain glutamate
and glutamine levels. Brain glutamate and glutamine levels
were assayed using commercially available glutamate and

glutamine assay kit (Biovision Inc., Milpitas, CA, USA) as
previously described (Onaolapo et al. 2016a, 2016b). The glu-
tamate and glutamine assay kit provides a sensitive detection
method for glutamate and glutamine in the sample,
respectively.

Statistical analysis

Data was analysed using Chris Rorden’s ezANOVA for
Windows, version 0.98. Hypothesis testing was performed
using analysis of variance (ANOVA). We tested the hypothe-
ses that acute or repeated administration of increasing doses of
MSG could alter behaviours of mice in the open field/elevated
plus maze and/or induce a drug-conditioned place preference
in a two-chamber CPP paradigm. Two-way ANOVAwas used
for analyses of (1) open field and elevated plus maze behav-
iours, with treatment (four levels: VEH, three MSG doses) as
between subject and duration of administration (two levels:
acute and repeated) as within subject, and (2) MSG-
conditioned place preference, with treatment (four levels:
VEH, three MSG doses) as between subject and phase (two
levels: pre- and post-conditioning) as within subject. One-way
ANOVAwas used to analyse (1) pre-conditioning test cham-
ber bias and (2) the effect of MSG on brain levels of glutamate
and glutamine. Tukey’s honest significant difference (HSD)
test was used for post hoc analysis. Results were expressed as
mean ± SEM, with p values less than 0.05 considered statisti-
cally significant.

Results

Open field novelty-induced behaviours

Effect of monosodium glutamate on horizontal locomotion

The numbers of lines crossed in 10 min for vehicle or
MSG-treated mice are summarised in Fig. 1 (upper panel).
Two-factor ANOVA revealed a significant effect of treat-
ment (F(3, 36) = 44.2, p < 0.001), duration of adminis-
tration (F(1, 36) = 933, p < 0.001) and interactions be-
tween treatment and duration of administration (F(3,
36) = 159, p < 0.001). Tukey HSD tests showed a signif-
icant increase in locomotor activity following acute ad-
ministration of MSG at 80 (p < 0.001) and 160 mg/kg
(p < 0.001); with repeated administration, locomotor ac-
tivity decreased significantly at 160 (p < 0.001) and
320 mg/kg (p < 0.001), compared to vehicle. Repeated
adminis t ra t ion of MSG at 80 (p < 0.001), 160
(p < 0.001) and 320 mg/kg (p < 0.001) significantly de-
c reased locomotor ac t iv i ty compared to acu te
administration.
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Effect of monosodium glutamate on number of rears

The numbers of rears in 10 min for vehicle or MSG-
treated mice are summarised in Fig. 1 (lower panel).
Two-factor ANOVA revealed a significant effect of treat-
ment (F(3, 36) = 443, p < 0.001), duration of adminis-
tration (F(1, 36) = 324, p < 0.001) and interactions be-
tween treatment and duration of administration (F(3,
36) = 44.2, p < 0.001). Tukey HSD tests showed a sig-
nificant decrease in rearing activity following acute and
repeated administration of MSG at 80 (p < 0.001,
p < 0001) and 160 (p < 0.001, p < 0.001) and 320 mg/kg
(p < 0.001, p < 0.001), respectively, compared to vehi-
cle. Repeated administration of MSG at 80 (p < 0.001),
160 (p < 0.001) and 320 mg/kg (p < 0.001) significantly
dec r e a s ed r ea r i ng ac t i v i t y compa r ed t o a cu t e
administration.

Effect of monosodium glutamate on grooming behaviour

The frequency of grooming in 10 min for vehicle or MSG-
treated mice is summarised in Fig. 2. Two-factor ANOVA
revealed no significant effect of treatment (F(3, 36) = 2.27,
p < 0.097) but a significant effect of duration of administration
(F(1, 36) = 18.7, p < 0.001) and significant interaction be-
tween treatment and duration of administration (F(3,
36) = 21.3, p < 0.001). Tukey HSD tests showed a significant
decrease in grooming frequency with MSG at 320 mg/kg
(p < 0.002) after acute administration; with repeated adminis-
tration, grooming decreased at 80 mg/kg (p < 0.041) and in-
creased at 160 (p < 0.012) and 320 mg/kg (p < 0.001), com-
pared to vehicle. Repeated administration of MSG at 80

(p < 0.002) significantly decreased grooming frequency com-
pared to acute administration; at 160 (p < 0.010) and
320 mg/kg (p < 0.002), grooming increased significantly.

Anxiety-related behaviour

Effects of monosodium glutamate on percent time in the EPM
open arm

Figure 3 (upper panel) shows the effect of MSG on percent
time spent in the open arm of the EPM. Two-factor ANOVA
revealed a significant main effect of treatment (F(3,
36) = 12.20, p < 0.001), duration of administration (F(1,
36) = 7.44, p < 0.010) and treatment × duration of adminis-
tration (F(3, 36) = 4.55, p < 0.002). Tukey HSD tests showed
a significant decrease in time spent in the open arms with
MSG at 80 (p < 0.002) and a significant increase at 160
(p < 0.001) and 320 mg/kg (p < 0.001), compared to vehicle,
following acute administration. With repeated administration,
time spent in the open arm decreased with MSG at 80 mg/kg
(p < 0.001) and increased at 160(p < 0.002) and 320 mg/kg
(p < 0.001). Repeated administration ofMSG at 80 (p < 0.001)
significantly decreased time spent in the open arm compared
to acute administration, while at 160 (p < 0.002) and
320 mg/kg (p < 0.001), percent time spent in the open arm
increased significantly.

Effects of monosodium glutamate on number of EPM open
arm entries

Figure 3 (lower panel) shows the effect of MSG on number of
open arm entries in the EPM. Two-factor ANOVA revealed a

Fig. 1 Novelty-induced
horizontal locomotor activity
(upper panel) and rearing (lower
panel) following vehicle (VEH) or
MSG (80, 160 and 320 mg/kg).
Values are means ± SEM
(*p < 0.05 significantly different
from vehicle, #p < 0.05 repeated
administration significantly
different from acute
administration), VEH vehicle;
MSG monosodium glutamate,
n = 10
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significant effect of treatment (F(3, 36) = 10.10, p < 0.001),
duration of administration (F(1, 36) = 8.10, p < 0.001) and no
interaction between treatment and duration of administration
(F(3, 36) = 1.12, p < 0.173). Tukey HSD tests revealed a
significant decrease in number of open arm entries with
MSG at 80 (p < 0001) and a significant increase at 160
(p < 0.001) and 320 mg/kg (p < 0.001) compared to vehicle,
after acute administration; with repeated administration, num-
ber of open arm entries decreased with MSG at 80 mg/kg
(p < 0002) and increased with MSG at 160 (p < 0.002) and
320 mg/kg (p < 0.001). Repeated administration of MSG did
not significantly alter number of open arm entries compared to
acute administration.

Effects of monosodium glutamate on percent time in the EPM
closed arm

Figure 4 (upper panel) shows the effect of MSG on percent
time spent in the closed arm of the EPM. Two-factor ANOVA
revealed a significant main effect of treatment (F(3,
36) = 13.45, p < 0.001), no significant effect of duration of
administration (F(1, 36) = 1.31, p < 0.476) or interactions
between treatment × duration of administration (F(3,
36) = 0.21, p < 0.628). Tukey HSD tests showed a significant
decrease in time spent in the closed arms with MSG at
320 mg/kg (p < 0.001, p < 0001) compared to vehicle, fol-
lowing acute and repeated administration. Repeated

Fig. 2 Self-grooming following
vehicle (VEH) or MSG (80, 160
and 320 mg/kg). Values are
means ± SEM (*p < 0.05
significantly different from
vehicle, #p < 0.05 repeated
administration significantly
different from acute
administration), VEH vehicle,
MSG monosodium glutamate,
n = 10

Fig. 3 Percentage time spent in
the open arm (upper panel) and
number of open arm entries
(lower panel) in the elevated plus
maze following vehicle (VEH) or
MSG (80, 160 and
320 mg/kg).Values are
means ± SEM (*p < 0.05
significantly different from
vehicle, #p < 0.05 repeated
administration significantly
different from acute
administration), VEH vehicle,
MSG monosodium glutamate,
n = 10
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administration of MSG also did not differ significantly com-
pared to acute administration.

Effects of monosodium glutamate on number of EPM closed
arm entries

Figure 4 (lower panel) shows the effect of MSG on num-
ber of closed arm entries in the EPM. Two-factor ANOVA
revealed a significant effect of treatment (F(3, 36) = 9.34,
p < 0.004), duration of administration (F(1, 36) = 10.21,
p < 0.001) and no interactions between treatment and
duration of administration (F(3, 36) = 12.80, p < 0.001).
Tukey HSD tests revealed a significant increase in the
number of closed arms entries with MSG at 80
(p < 0001) and a significant decrease at 160 (p < 0.001)
and 320 mg/kg (p < 0.001) compared to vehicle, after
acute administration; with repeated administration, num-
ber of closed arm entries increased with MSG at 80 mg/kg
(p < 0001) and decreased with MSG at 160 (p < 0.001)
and 320 mg/kg (p < 0.001). Repeated administration of
MSG did not significantly alter number of closed arm
entries compared to acute administration. Two-factor
ANOVA analysis of the effect of MSG on total arm entry
revealed no significant effect of treatment (F(3,
36) = 3.02, p < 0.241) or duration of administration
(F(1, 36) = 1.69, p < 0.120) and no significant interac-
tions between treatment and duration of administration
(F(3, 36) = 0.50, p < 0.293). Tukey HSD tests revealed
no significant difference in total arm entry at any of the
doses of MSG tested compared to vehicle following acute
or repeated administration. Repeated administration of
MSG also showed no significant difference compared to
acute administration.

Conditioned place preference

Pre-conditioning chamber bias in MSG-naïve mice

Bias in the two-chamber paradigm was measured as time
(seconds) spent in each of the two chambers. There was
no significant (F(1, 78) = 0.025, p < 0.873) difference in
the time mice spent in the black or white chamber.
Although chamber preference was not statistically signif-
icant, mice were however assigned to the conditioning
chamber based on the time spent in their preferred com-
partment and place preference data analysis was conduct-
ed on the groups, with MSG-paired side being the non-
preferred side.

Pre-conditioning chamber bias in MSG-pretreated mice

Bias in the two-chamber paradigm was measured as time
(seconds) spent in each of the two chambers by mice
pretreated with MSG or vehicle. There was no significant
main effect of pretreatment with MSG (F(3, 72) = 0.078,
p < 0.972), chamber (F(1, 72 = 0.049, p < 0.825) or
interactions between pretreatment and chamber (F(3,
72) = 0.020, p < 0.996). Tukey HSD analysis revealed
no significant difference in the time mice spent in the
black or white chambers at any of the doses of MSG
compared to vehicle. Although chamber preference was
not statistically significant, mice were however assigned
to the conditioning chamber based on the time spent in
their preferred compartment and place preference data
analysis was conducted on the groups, with MSG-paired
side being the non-preferred side.

Fig. 4 Percentage time spent in
the closed arm (upper panel) and
number of closed arm entries
(lower panel) in the elevated plus
maze following vehicle (VEH) or
MSG (80, 160 and 320 mg/kg).
Values are means ± SEM
(*p < 0.05 significantly different
from vehicle), VEH: vehicle,
MSG: monosodium glutamate,
n = 10
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Place preference in MSG-naïve mice

We tested the effects of MSG on conditioned place preference
in mice. The time (in seconds) spent on the drug-paired side in
MSG-naive mice is summarised in Fig. 5 (upper panel). Two-
factor ANOVA revealed a significant effect of treatment (F(3,
36) = 5.21, p < 0.001), phase (F(1, 36) = 14.50, p < 0.001) and
interactions between treatment and phase (F(3, 36) = 6.03,
p < 0.002). Tukey HSD tests showed that MSG-naïve mice
conditioned to MSG at 160 (p < 0.046) and 320 mg/kg
(p < 0.002) spent significantly more time on the MSG-
paired side after four pairing sessions compared to vehicle
(saline-conditioned). MSG conditioning at 160 (p < 0.001)
and 320 mg/kg (p < 0.001) also resulted in significant increase
in time spent on the drug-paired side compared to baseline.
This result shows that MSG-conditioned place preference was
induced in MSG-naïve mice.

Place preference in MSG-pretreated mice

In this second CPP experiment, we tested for MSG-
conditioned place preference in MSG-pretreated mice. The
time (seconds) spent on the drug-paired side for vehicle or
MSG-pretreated mice is summarised in Fig. 5 (lower panel).
Two-factor ANOVA revealed a significant effect of treatment
(F(3, 36) = 27.3, p < 0.001), phase (F(1, 36) = 193, p < 0.001)
and interactions between treatment and phase (F(3, 36) = 43.5,
p < 0.001). Tukey HSD tests showed that MSG-pretreated
mice conditioned to MSG at 80 (p < 0.001), 160 (p < 0.001)
and 320 mg/kg (p < 0.001) spent significantly more time on
the MSG-paired side after four pairing sessions, compared to
vehicle (saline-conditioned). MSG conditioning at 80

(p < 0.001), 160 (p < 0.001) and 320 mg/kg (p < 0.001) also
resulted in significant increase in time spent on the drug-
paired side compared to baseline. This result shows that pre-
treatment with MSG facilitated MSG-conditioned place
preference.

Results of comparison between the time spent on the drug-
paired side during the post-conditioning test in MSG-naive
andMSG-pretreatedmice revealed a significant effect of treat-
ment (F(3, 36) = 4.94, p < 0.006), phase (F(1, 36) = 15,
p < 0.001) and interactions between treatment and phase
(F(3, 36) = 7.54, p < 0.001). Tukey HSD analysis revealed a
significant increase in time spent on the drug-paired side in
MSG-pretreated mice at 160 [860 ± 5.63 versus 715 ± 4.03
(p < 0.021)] and 320 mg/kg [968 ± 6.84 versus 820 ± 2.73
(p < 0.006)] compared to MSG-naïve mice.

Effect of MSG administration on brain glutamate
and glutamine levels

Table 1 shows the effects of daily administration of MSG on
brain levels of glutamate and glutamine. Brain glutamate (F(3,
36) = 35.30, p < 0.001) and glutamine levels (F(3,
36) = 18.20, p < 0.001) increased significantly with MSG at
160 and 320 mg/kg, respectively, compared to vehicle. This
result shows that daily administration of MSG at increasing
doses may alter brain levels of glutamate and glutamine.

Discussion

In the present study, we examined the effects of increasing
doses of MSG on behaviours in the open field and elevated

Fig. 5 Conditioned place
preference with vehicle (VEH) or
MSG (80, 160 and 320 mg/kg) in
MSG-naïve mice (upper panel)
and MSG-pretreated mice (lower
panel). Values are means ± SEM
(*p < 0.05 significantly different
from vehicle, #p < 0.05
significantly different from
baseline), VEH vehicle, MSG
monosodium glutamate, n = 10
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plus maze, place preference (in both MSG-naïve and MSG-
pretreated mice) and brain glutamate/glutamine levels. We
deduced that MSG was associated with (1) suppression of
open field horizontal locomotion and rearing and an increase
in frequency of grooming; following repeated administration
(2) dose-related anxiolytic response with repeated administra-
tion; (3) drug-paired chamber preference in both MSG-naïve
and MSG-pretreated mice; and (4) increase in brain levels of
glutamate/glutamine levels following repeated administration.

Administration of MSG by gavage was associated with
dose- and time-related alterations in open field spontaneous
locomotor activity, rearing and self-grooming. These results
corroborate previous studies (Onaolapo and Onaolapo 2011;
Onaolapo et al. 2015), by demonstrating that acute and repeat-
ed oral administration of MSG induces changes in behaviour.
In the study, horizontal locomotion and rearing behaviours
varied with dose (increasing doses of MSG was associated
with locomotor retardation) and duration of administration
(repeated administration was also associated with locomotor
retardation). Studies have reported differences in MSG-
induced alterations in open field behaviours, with dose (Kiss
et al. 2007; Onaolapo and Onaolapo 2011; Onaolapo et al.
2016b), age of animals (Kiss et al. 2007) and/or duration of
administration (Onaolapo et al. 2016b). Self-grooming, how-
ever, showed a dose-related decrease with acute administra-
tion and an increase after repeated administration. Grooming
is an important aspect of the rodent’s behavioural repertoire,
and it consists of a complex hierarchy of patterns that are
sensitive to novelty, stress and drugs (Onaolapo et al.
2016c). Results of MSG’s effects on grooming (from previous
studies) have also varied with respect to age of animals (Dunn
et al. 1985) and dose of MSG (Onaolapo and Onaolapo 2011;
Onaolapo et al. 2015). Dunn et al. (1985) reported no effect of
neonatal MSG administration on grooming behaviour in adult
rats. However, results of previous studies from our laboratory
revealed that acute intraperitoneal injection of MSG at doses
between 0.5 and 1.5 mg/kg (Onaolapo and Onaolapo 2011)
increased grooming (however, not significantly), and follow-
ing oral administration of MSG at 10–80 mg/kg/day
(Onaolapo et al. 2015), a significant dose-related increase in

grooming behaviour was observed after acute administration
and a decrease after repeated administration. These results
suggest that effect of MSG on grooming behaviour is depen-
dent on dose and/or duration of administration.

In rodents, the EPM is a model for studying anxiety-related
behaviours. Behaviour in the EPM is based on the natural
aversion of rodents for elevated and open spaces. In this study,
repeated administration of increasing doses of MSG led to a
dose-related decrease in arm entry (locomotor response) and
an anxiolytic response. The result of closed arm exploration
was similar to the effects observed with locomotor response
(horizontal locomotion and rearing) in the open field. A dose-
related decrease in anxiety-related behaviours was also ob-
served (number of open arm entries and time spent in the open
arm). In a number of studies, increases in anxiety-related be-
haviours have been demonstrated with MSG administration
(Narayanan et al. 2010). In a previous study (Onaolapo et al.
2016b), we reported a dose-related mixed response (with de-
creased anxiety observed when MSG was administered at 10
and 20 mg/kg and increased anxiety response with MSG at 40
and 80 mg/kg). In this study, at 80 mg/kg, we observed in-
creased anxiety which was exacerbated by repeated adminis-
tration; this corroborates the findings of our previous study.
However, at the two higher doses examined, a decrease in
anxiety response was observed.

Glutamate (a key constituent ofMSG) is the most abundant
free amino acid in the brain, functioning both as a neurotrans-
mitter and a fuel reserve (Hawkins 2009). The interactions
between glutamate and other brain neurotransmitters (like
GABA, dopamine and serotonin) and their receptors,
neuromediators or hormones have been reported to alter hor-
izontal locomotion, rearing (Al-Khatib et al. 1995; Cortese
and Phan 2005), grooming (Dunn et al. 1985; Barros et al.
1994) and anxiety-related behaviour (Cortese and Phan 2005;
Amiel and Mathew 2007). In a few studies, there have been
suggestions that a decrease in spontaneous locomotion (as
observed in this study, after repeated administration of in-
creasing doses of MSG) may be a result of down-regulation
of dopamine receptors (Xu et al. 1994; Svensson et al. 1994;
Rubinstein et al. 1997) possibly from stimulation of GABA
receptors (Phillis et al. 2001). The GABA system has also
been reported to play an important role in the expression of
grooming via its GABA-A and GABA-B receptors (Barros
et al. 1994); the stimulation of these receptors decreases
novelty-induced grooming behaviour (Barros et al. 1994),
which may have been responsible for the decrease in
grooming response observed with acute administration of
MSG (Silverman et al. 2015). Following repeated administra-
tion of MSG however, grooming activity increased, suggest-
ing a possible involvement of interactions between glutamate
and other neurotransmitters or brain regions. Hong et al.
(2014) reported that stimulation of glutamatergic receptors in
the medial amygdala induced self-grooming behaviours in

Table 1 Effect of MSG on brain levels of glutamate and glutamine

Groups Brain glutamate (μmol/g) Brain glutamine (μmol/g)

VEH 1.20 ± 0.012 0.46 ± 0.05

80 1.22 ± 0.011 0.50 ± 0.07

160 1.82 ± 0.013* 0.80 ± 0.07*

320 1.90 ± 0.012* 0.83 ± 0.13*

Brain levels of glutamate and glutamine in vehicle andMSG-treated mice
(n = 10). Results are expressed as mean ± SEM

VEH vehicle
* p < 0.05 significantly different from VEH
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rodents, which would suggest that glutamatergic effects in the
amygdala may be responsible for the increased grooming re-
sponse observed with repeated administration of glutamate in
this study. Increased glutamatergic receptor activation and
shifts in glutamate-GABA influences have also been associ-
ated with anxiety-related disorders (Cortese and Phan 2005;
Amiel and Mathew 2007). Lopes et al. (2007) observed that
the stimulation of both GABA-A and GABA-B receptors in the
nucleus accumbens shell was anxiolytic.

The CPP paradigm has been applied widely to study the
reward value of a number of drugs of abuse (Tzschenke 1998).
One of the advantages of the CPP paradigm is that it allows
the assessment of the reward value of substances over a rela-
tively brief exposure period. The CPP utilises the pairing of a
conditioned stimulus (chamber), with an unconditioned stim-
ulus (administered drug) to unmask the behavioural response
to stimulation (or otherwise) of the brain reward system
(Watanabe 2013). Studies have shown that drugs such as mor-
phine (Tzschenke 1998) and nicotine (Pascual et al. 2009) can
induce place preference. In this study, we observed that in
MSG-naïve mice, conditioning with MSG at 160 and
320 mg/kg (not at 80 mg/kg) resulted in a significant increase
in time spent on the MSG-paired side, when compared to
either baseline (preconditioning) or saline-pairing (VEH),
while pretreatment with MSG was associated with an increase
in time spent on the MSG-paired side at 80, 160 and
320 mg/kg. This result suggests successful induction of
MSG-conditioned place preference in MSG-naïve or MSG-
pretreated mice and also shows that pretreatment enhanced
MSG’s potency in inducing CPP. A few studies have reported
that MSG induces conditioned taste preference for itself and
MSG-paired flavours (Bachmanov et al. 2000, Ackroff et al.
2012; Ackroff and Sclafani 2013). There are also reports of
MSG preference to water across a range of concentrations in a
two-bottle choice test in mice (Bachmanov et al. 2000). The
rewarding stimulus developed during conditioning is deter-
mined by the association between the treatment (MSG) and
the chamber, which from the results of this study suggest that
the administration of MSG was rewarding and an association
was learned. A number of researchers have also suggested the
involvement of memory processes in reward, since animals
were observed while in a drug-free state (Hsu et al. 2002;
Koob et al. 2004). In contrast, these behaviours were absent
in vehicle group. There have been associations between learn-
ing, memory and reward which involve several brain regions,
neurotransmitters influences and neural circuitry (McHugh
et al. 2013). Glutamatergic neurons found within the
mesolimbic reward system have been reported to overlap with
the neuronal circuitry associated with learning, memory pro-
cesses and goal-directed behaviours (Kelley 2004). There are
reports that mechanisms involved in the reward response of a
treatment (for example cocaine) are strongly related to the
aspect of CPP measured (White and Carr 1985; Hsu et al.

2002). Different phases have been described, which include
the initial acquisition and expression of drug-induced CPP
(memory consolidation), reinstatement, extinction and
reconsolidation (Aguilar et al. 2008). In the present study,
the phase that we observed was the initial acquisition and
expression of MSG-induced CPP. Several receptors, neuronal
pathways and neuroanatomically discrete sites have been im-
plicated in the brain reward mechanisms (McBride et al. 1999,
Hyman and Malenka 2001), which involve glutamatergic
(Tzschentke and Schmidt, 2003; Kawasaki et al. 2005; He
et al. 2014), dopaminergic (Thomas et al. 2008), GABA and
peptidergic neurons (Groenewegen et al. 1996). Projections to
and from the dorsal raphe nucleus (DRN), the VTA (Qi et al.
2014), cort icol imbic and thalamic brain regions
(Groenewegen et al. 1996) stimulate preference (Qi et al.
2014) or aversion (Qi et al. 2016).

Ingestion of MSG has been associated with increased
stimulation of certain regions of the brain, either directly
or indirectly. Kondoh et al. (2009) reported that stimula-
tion of L-glutamate receptors in the gut by luminal gluta-
mate activates vagal afferent nerve fibres, which (via va-
gal inputs) stimulate brain regions (like the habenular nu-
cleus) that are known to influence other regions of the
brain. Tsurugizawa et al. (using functional magnetic reso-
nance imaging studies and blood oxygen level-dependent
signals) observed that an intragastric load of MSG signif-
icantly activates the insular cortex, amygdala and the hy-
pothalamic regions, including the lateral hypothalamus,
dorsomedial hypothalamus and the medial preoptic area
(Tsurugizawa et al. 2009; Tsurugizawa and Torii 2010),
hence linking luminal presence of glutamate to the ability
to influence the brain reward system circuit.

MSG dissociates to yield glutamate, following oral admin-
istration (Blachier et al. 2009). Numerous studies have ob-
served that although plasma glutamate levels remain generally
stable, it can increase (to varying degrees), following admin-
istration of MSG (Caccia et al. 1983; Fernstrom 2000). In a
previous study (Onaolapo et al. 2016a), we reported that oral
administration ofMSG at 80 mg/kg/day was associated with a
significant rise in plasma glutamate, while an increase in brain
glutamate and glutamine levels observed was not statistically
significant. In this study however, we observed a dose-related
increase in brain levels of glutamate and glutamine. There are
reports that under normal conditions, most of the free brain
glutamate is derived from local synthesis (Smith 2000), al-
though glutamate flux from plasma (at physiologic plasma
concentrations) into the brain also occurs via a high affinity,
saturable and stereoselective transport system at the blood–
brain barrier. Also, efflux from brain back into plasma is driv-
en by a sodium-dependent active transport system at the cap-
illary abluminal membrane (Lee et al. 1998). This allows glu-
tamate concentrations in the brain to be maintained fairly in-
dependently of small fluctuations in plasma concentration but
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also suggests that this balance may be undermined by in-
creases in plasma glutamate levels.

Conclusion

The results of this study show that repeated oral administration
of MSG alters open field and anxiety-related behaviours,
while its effects on place preference suggest the possibility
of stimulation of the brain reward system. The behavioural
changes observed could be attributed to the effects of the
increased brain levels of glutamate and glutamine although
gut stimulation of specific regions of the brain following an
oral load of MSG is also possible; however, further research is
needed to evaluate the strengths of these associations.
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