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ABSTRACT

Objective: Our previous studies have revealed that
ferulic acid (FA) and sodium ferulate (SF) show sig-
nificant protective effect on excitotoxicity. The present
study was conducted to compare its potential favor-
able effects of maternal, newborn, and both maternal
and newborn intraperitoneal (ip) injection of SF on
repair following excitotoxic neuronal damages induced
by monosodium glutamate (M SG). Methods: The ma-
ternal mice were assigned randomly into seven groups
(n =10animalsin each group): control, 3SF, 20SF, 23SF,
MSG, MSG + 3SF, MSG + 20SF, M SG + 23SF groups.
The mice at 17 days of pregnancy were treated with or
without MSG (2.0 g/lkg body weight, ig, once) or/and SF
(40 mg/kg body weight, ip), and their offerings treated
with or without SF. And then their filial behaviors
and hippocampal histopathology wer e studied. Results:
The results showed that maternal, newborn, and both
maternal and newborn administration of SF facilitated
their filial brain repair, and attenuated the behavioral
disorders and histopathological damages of their filial
mice in MSG + 3SF, MSG + 20SF, and MSG + 23SF
groups in varying degrees. However, the best effects
wer e detected in thefilial micein MSG + 23SF group.
Conclusion: Both maternal and newborn administra-
tion of SF is conducive to the filial neuronal repair
following excitotoxic damagesinduced by glutamate.

Keywords:. Perinatal-Neonatal; Excitotoxicity; Sodium
Ferulate; Neuronal Repair; Mice

1. INTRODUCTION

Excitatory amino acids (EAAs) are utilized by nearly
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every information—bearing circuit in the brain, and dur-
ing development. EAAs play a pivotal role in learning,
memory, and brain plasticity. Exitotoxicity is an impor-
tant and well accepted theory [1-3] proposed by Olney in
1971 [4] to explain the pathophysiology of brain ischemia.
Exitotoxicity, defined as excessive exposure to the neu-
rotransmitter glutamate or overstimulation of its mem-
brane receptors, has been implicated as one of the key
factors constributing to neuronal injury and death in a
wide range of both acute and chronic neurodegenerative
disorders. Neurodegenerative disorders, including Alz-
heimer’s disease, Parkingson’s disease, Huntington’s cho-
rea, HIV-associated dementia, multiple sclerosis, amyo-
trophic lateral sclerosis, and glaucoma, are caused by
different mechanisms but may share a final common
pathway to neuronal injury due to overstimulation of
glutamate receptors, especially of the N-methyl-D-as-
partate (NMDA) subtype [5]. Therefore, antagonizing
exitotoxicity is a particularly attractive target for neuro-
protective or brain repair efforts. In context, we have
successfully established an experimental model of ex-
cito-toxic brain injury following exposure to glutamate,
in which maternal ig excessive administration of MSG at
a late stage of pregnancy results in a series of behavioral
disorders, and obvious histopathological brain lesion in
their offspring [6,7].

Ferulic acid (FA), 3-(4-hydroxy-3-methoxyphenyl)-2-
propenoic acid (Figure 1(a)), was isolated from several
traditional Chinese medicines and herbs, such as Felula
assafoetida L., Ligusticum chuanxiong Hort., Equisetum
hiemale L., Allium cepa L., Raphanus sativus L., rice
bran, and other plants [8]. FA is water-insoluble, but its
sodium salt, sodium ferulate (SF) (Figure 1(b)), is water-
soluble, stable, and can be prepared by chemical synthesis
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Figure 1. Chemical structure of ferulic acid (a) and sodium
ferulate (b).
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[9]. FA shows a lot of biological activities, including
antioxidant [10,11], anti-inflammatory [12,13], and hy-
potensive effect [14,15]. Chinese scientists have contrib-
uted a lot to its investigation, and as an available blood-
activating and stasis-eliminating component, it has been
extensively applied to the treatment of vascular diseases
of heart and brain, and obtained excellent efficiency in
China [16].

Long-term administration of FA induces resistance to
beta-amyloid peptide toxicity in the brain, suggesting
that FA may be a useful chemopreventive agent against
Alzheimer’s disease [17]. FA has sedative effect [18],
and the plants containing FA were employed, for in-
stance, in the treatment of headache and irritability, apo-
plexy, stasis, and etc. [19, 20]. Our previous work dem-
onstrates that the maternal ig excessive administration of
MSG at a late stage of pregnancy results in a series of
behavioral disturbance, and obvious histopathological
lesion in hippocampus in the filial mice [6], and the si-
multaneous administration of SF reverses the effects of
MSG on them [7]. Our recent work provides evidences
that SF shows the neuroprotective and neurogenesis-
enhancing actions in vitro and in vivo [21]. The present
study was conducted to compare its potential favorable
effects of maternal, newborn, and both maternal and new-
born ip injection of SF on brain repair following excito-
toxic neuronal damages induced by maternal oral ad-
ministration of MSG at a late stage of pregnancy.

2. MATERIALSAND METHODS
2.1. Chemical and Drug

MSG was purchased from Shanghai Bio Life Science &
Technology Co., Ltd. (China); SF was purchased from
Yaoyou Pharmaceutic Co., Ltd (Chongqing, China).

2.2. Instruments

The apparatus of open field test (type ZIL-2) was pur-
chased from Institute of Materia Medica, Chinese Acad-
emy of Medical Sciences (Beijing, China), and MG-3-
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type Y-maze stimulator purchased from Biomedical In-
strument Factory of Zhangjiagang (Jiangsu Province,
China).

2.3. Animal

Kunming (KM) mice, 8 weeks old, purchased from the
Experimental Animal Center of Guangdong Medical Col-
lege (Zhanjiang, China), were used in this study. The
mice were provided with standard mouse food and chlo-
rinated water ad libitum and kept on a reversed 12:12 h
light-dark cycle at room temperature of 22°C + 1°C. All
the animals were treated in compliance with “Guidance
Suggestion for the Care and Use of Laboratory Animals”
issued by The Ministry of Science and Technology of
China in 2006.

2.4. Protocols of Animal Tests

Animals were housed one male and two female mice to
each cage. The pregnant females were separated. The
time of appearance of vaginal plug was recorded as day 1
of pregnancy. The maternal mice at 17 days of pregnancy
were assigned randomly into seven matched groups (n =
10 animals in each group): control, 3SF, 20SF, 23SF,
MSG, MSG + 3SF, MSG + 20SF, MSG + 23SF groups.
The mice in MSG group were given MSG (2.0 g/kg body
weight, once) intragastrically (ig) at 17 days of preg-
nancy. The mice in MSG + 3SF and 3SF groups were
given MSG (2.0 g/kg body weight, ig, once ) or physiol-
ogic saline at 17 days of pregnancy, respectively, and 4 h
later given SF (40 mg/kg body weight, ip, once daily, for
three days) at 17 - 19 days of pregnancy. The mice in
MSG + 20SF and 20SF groups were given MSG (2.0
g/kg body weight, ig, once ) or physiologic saline at 17
days of pregnancy, respectively, and the newborn off-
spring were given SF (40 mg/kg body weight, ip, once
daily, for 20 days ) from the first day of birth. The mice
in MSG + 23SF and 23SF groups were given MSG (2.0
g/kg body weight, ig, once) or physiologic saline at 17
days of pregnancy, respectively, and 4 h later given SF
(40 mg/kg body weight, ip, once daily, for three days) at
17 - 19 days of pregnancy, and then the newborn off-
spring were given SF (40 mg/kg body weight, ip, once
daily, for 20 days ) from the first day of birth. The mice
in control were given physiologic saline ig or ip instead
of MSG or SF. Their filial behaviors and hippocampal
histopathology were studied.

2.5. Open Field Test

The open field test measures the animal’s reaction to a
novel environment [22]. The test was performed at 31
days of age. Total locomotor activity in 3 min was cal-
culated.
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2.6. Test of Y-Maze Discrimination Learning

Test of Y-maze discrimination learning was carried out
by Xu’s method [23]. Test of Y-maze discrimination
learning for 6 consecutive days was performed on day 32
and 52 after the birth. The results were recorded as cor-
rect responses (means = SEM) of 20 responses.

2.7. Rope Crawling Test

The rope crawling test measures an animal’s cooperation
movement ability under high altitude stress [6]. The 31-
day-old mice were placed on a 2 m long rope, 1.5 m
above the ground, and then the behaviors of the mice
were observed for 3 min. The mice that could grasp and
crawl along the rope were deemed to have “succeeded”
in the test, and those mice that could either not grasp a
rope tightly or grasped the rope tightly but could not
crawl along “failed” in the test.

2.8. Examination of Histopathology

The histopathology changes of the animal brains were
examined for three times: on day 1 after the birth, at 21
days of age, and 53 days of age. The unselected 4 filial
mice of each group were anaesthetized ip with sodium
pentobarbital (60 mg/kg), and sacrificed by perfusion
fixation of the central nervous system (CNS) with 10%
formalin. The whole brains were excised carefully, and
further fixed in 10% formalin for a week. The hippo-
campal region of each animal was sectioned at 4 mm and
stained with hematoxylin and eosin. The sections across
hippocampus region were examined by light microscopy.

2.9. Statistical Analyses

All data were statistically processed using SPSS 11.0
software (SPSS Inc., Chicago, IL, USA) and expressed
as means + SEM. The repeated-measures analysis with a
compound symmetry variance-covariance structure model
was used to analyze the data from test of Y-maze dis-
crimination learning, and Student’s t-test used to analyze
the data from open field test. The #* square test was used
to analyze the data from the rope crawling test. A P value
less than 0.05 was considered statistically significant.

3.RESULTS

3.1. The Different Effects of Mater nal, Newborn,
and Both Maternal and Newborn
Administration of SF on M SG-Induced
Hyperactivity in the Filial Mice

As shown in Figure 2, the locomotor activity of the filial
mice in 3SF, 20SF, 23SF groups was similar to that in
the control (P > 0.05), and a MSG-induced hyperactivity
observed in the filial mice from mothers treated with
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MSG (P < 0.01). In contrast, the locomotor activity of
the filial mice from mothers in MSG + 3SF and MSG +
23SF groups was less than that of the filial mice from
mothers treated with MSG. These findings suggest that
SF had no obvious effect on locomotion and exploration,
rather than, countered the effect of MSG on those of the
filial mice from mothers treated with MSG. In this regard,
the repair effects of maternal, and both maternal and
newborn administration of SF on MSG-induced hyperac-
tivity is more effective than the effect of newborn ad-
ministration of SF.

3.2. The Different Effects of Maternal, Newborn,
and Both Maternal and Newborn
Administration of SF on Animal’s
Cooperation of Movement Ability under
High Altitude Stressin the Filial Mice

As shown in Table 1, the cooperative movement ability
under high-altitude stress of 31-day-old filial mice in
3SF, 20SF, 23SF groups was similar to that in the control
(P >0.05), and the cooperative movement ability under
high-altitude stress in 31-day-old filial mice from moth-
ers treated with MSG was significantly less than that of
the control (P < 0.01). In contrast, cooperative movement
ability under high-altitude stress of 31-day-old filial mice
from mothers in MSG + 23SF group was significantly
improved and close to control. The results suggest that
administration of SF had no obvious effects on the coop-
eration of movement ability in filial mice under high-
altitude stress, apart from countering the effects of MSG.
In this regard, the repair effect of both maternal and
newborn administration of SF on MSG-induced distur-
bance of cooperative movement ability under high-alti-
tude stress is the most effective than those of maternal
and newborn administration of SF.
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The open field test measures the animal’s reaction to a novel environment.
The test was performed at 31 days of age.*Total locomotor activity in 3
min was calculated. P < 0.01 vs. control; P <0.05 vs. MSG.

Figure 2. The different effects of maternal, neonatal, and both
maternal and neonatal administration of SF on MSG-induced
hyperactivity in the filial mice.

OPEN ACCESS



162 Y. P. Zhang et al. / World Journal of Neuroscience 2 (2012) 159-165

Table 1. Different effects of maternal, newborn, and both maternal
and newborn administration of SF on MSG-induced disturbance of
cooperation of movement ability under high-altitude stress in
the filial mice.

Number of mice crawling

Groups Number of mice along a rope
Control 12 11
MSG 12 5"
3SF 13 13
20SF 12 11
23SF 13 11
MSG + 3SF 12 8
MSG + 20SF 13 7
MSG +23SF 13 10"

P <0.01 vs. control; P < 0.05 vs. MSG.

3.3. The Different Effects of Mater nal, Newborn,
and Both Maternal and Newborn
Administration of SF on the Capability of
Y-Maze Discrimination Learningin the
Filial Mice

As shown in Figure 3, the capability of Y-maze dis-

crimination learning of 32-, 52-day-old filial mice in 3SF,

20SF, 23SF groups was similar to that in the control (P >

0.05), and the capability of Y-maze discrimination learn-

ing of 32- and 52-day-old filial mice from mothers treated

with MSG was significantly less than that of the control

(P < 0.01). In contrast, the capability of Y-maze dis-

crimination learning of 32- and 52-day-old filial mice in

MSG + 3SF and MSG + 23SF groups was significantly

improved and close to control. In this regard, the repair

effect of both maternal and newborn administration of

SF on the capability of Y-maze discrimination learning is

the most effective among the maternal, newborn, and

both maternal and newborn administration.

3.4. The Different Effects of Mater nal, Newborn,
and Both Maternal and Newborn
Administration of SF on the Histopathology
of the Animal Brainsin the Filial Mice

Hippocampal histomorphological changes in filial mice
were observed using hematoxylin and eosin staining. As
shown in Figures 4-6, MSG-induced lesions were char-
acterized by intracellular edema, neuronal degeneration
and necrosis in the hippocampi of the neonatal filial mice,
and characterized by neuronal degeneration and necrosis,
and hyperplasia in the hippocampi of the 21- and 53-
day-old filial mice. A slight MSG-induced hippocampal
histomorphological lesions was detected in the hippo-
campi of the neonatal filial mice from mothers in MSG +
3SF group, and of the 21- and 53-day-old filial mice in
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Test of Y-maze discrimination learning for 6 consecutive days was
performed on days 32 and 52 after the birth. The results were recorded
as correct responses (means = SEM) of 20 responses. MSG vs. control, P
< 0.01; 3SF vs. control, P > 0.05; 20SF vs. control, P > 0.05; 23SF vs.
control, P > 0.05; MSG + 3SF vs. MSG, P < 0.05; MSG + 20SF vs.
MSG, P > 0.05; MSG +23SF vs. MSG, P <0.01.

Figure 3. The different effects of maternal, neonatal, and both
maternal and neonatal administration of SF on the capability
of Y-maze discrimination learning in the filial mice.

The maternal mice were treated with or without MSG or/and SF as
described in “Materials and Methods”. The histopathology changes of
the neonatal brains were examined on day 1 after the birth. The hippocampal
region of each animal was sectioned at 4 pm and stained with hematoxylin
and eosin. The sections across hippocampus region were examined by
light microscopy. Scale bar, 50 pm. A. Control; B. MSG; C. 3SF; D.
MSG + 3SF. a. Neuronal degeneration and necrosis.

Figure 4. MSG-induced hippocampal histomorphological
lesions in the neonatal mice and the repair effect of ad-
ministration of SF.

MSG + 20SF group. However, no significant histopa-
thological damages was detected in the hippocampi of the
neonatal, 21- and 53-day-old filial mice in 3SF, 20SF,
23SF groups, and of the 21- and 53-day-old filial mice in
MSG + 3SF and MSG + 23SF groups. Results from this
study also reflected the dynamics of brain repair follow-
ing MSG-induced excitotoxic histopathologycal damages.
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In this regard, the repair effects of maternal, and both
maternal and newborn administration of SF on the MSG-
induced hippocampal histomorphological lesions in the
filial mice are more effective than the effect newborn
administration.

4. DISCUSSION

The development of mice is an example of experimental
mammalian embryology, and mouse development is the
basis for the study of human ontogeny. In the present
study, the purpose of the method given orally MSG was
to better mimic the entry approach of MSG food additive
into the human food chain; and MSG was given at a late
stage of pregnancy when mouse embryonic CNS had

s (<
i
—

basically taken shape, thus the tests could mimic the ef-
fects of MSG poisoning on children’s mental development
and behavior, and examine the effects of SF on repair of
neuronal damages induced by glutamate.

Behavioral experiments showed that capabilities of
animal’s cooperation of movement under high altitude
stress and of Y-maze discrimination learning were sig-
nificantly reduced, while the locomotor activity was sig-
nificantly enhanced in the filial mice from mothers
treated with MSG; in contrast, the cooperative movement
ability under high-altitude stress of 31-day-old filial mice
from mothers in MSG + 23SF group and the capability
of Y-maze discrimination learning of 32- and 52-day-old
filial mice in MSG + 3SF and MSG + 23SF groups were
significantly improved (P < 0.05, P < 0.01 vs. MSG,

The maternal mice were treated with or without MSG or/and SF, and their offspring treated with SF as described in “Materials and Methods”. The
histopathology changes of the brains of the 21-day-old filial mice were examined. The hippocampal region of each animal was sectioned at 4 um and
stained with hematoxylin and eosin. The sections across hippocampus region were examined by light microscopy. Scale bar, 50 um. A. Control; B.
MSG; C. 3SF; D. MSG + 3SF; E. 20SF; F. MSG + 20SF; G. 23SF; H. MSG + 23SF. a. Neuronal degeneration and necrosis; b. Hyperplasia.

Figure 5. Repair effect of administration of SF on MSG-induced hippocampal histomorphological lesions in the 21-day-old

filial mice.

The maternal mice were treated with or without MSG or/and SF, and their offspring treated with SF as described in “Materials and Methods”. The
histopathology changes of the brains of the 53-day-old filial mice were examined. The hippocampal region of each animal was sectioned at 4 um and
stained with hematoxylin and eosin. The sections across hippocampus region were examined by light microscopy, Scale bar, 50 um. A. Control; B.
MSG; C. 3SF; D. MSG + 3SF; E. 20SF; F. MSG + 20SF; G. 23SF; H. MSG + 23SF. a. Neuronal degeneration and necrosis; b. Hyperplasia.

Figure 6. Repair effect of maternal administration of SF on MSG-induced hippocampal histomorphological lesions in the

53-day-old filial mice.

Copyright © 2012 SciRes.

OPEN ACCESS



164 Y. P. Zhang et al. / World Journal of Neuroscience 2 (2012) 159-165

respectively) and close to controls, while the locomotor
activity of the filial mice from mothers in MSG + 3SF
and MSG + 23SF groups was significantly reduced. Ob-
viously both maternal and newborn administration of SF
is the most conducive to the filial behavioral functional
recovery from excitotoxic neuronal damages induced by
glutamate.

Histopathological examination showed that MSG-in-
duced lesions were characterized by intracellular edema,
neuronal degeneration and necrosis, and hyperplasia in
the hippocampi of the filial mice from mothers treated
with MSG. A slight MSG-induced hippocampal histo-
morphological lesions was also detected in the hippo-
campi of the neonatal filial mice in MSG + 3SF group,
and of the 21- and 53-day-old filial mice in MSG + 20SF
group. However, no significant histopathological dam-
ages was detected in the hippocampi of the neonatal, 21-
and 53-day-old filial mice in 3SF, 20SF, 23SF groups,
and of the 21- and 53-day-old filial mice in MSG + 3SF
and MSG + 23SF groups. Therefore, the repair effects of
maternal, and both maternal and newborn administration
of SF on the MSG-induced hippocampal histomorphologi-
cal lesions are more effective than the effect of newborn
administration.

It is well recognized that excessive activation of EAA
receptors can initiate a series of intracellular biochemical
events that cause neuronal damages referred to as excito-
toxicity, and excitotoxic neuronal injury in the immature
brain can be blocked by selective antagonists of EAA
receptors [24-28].

It is possible that an adult female during pregnancy
might have either a disturbance in EAA metabolism or
exogenous excess uptake of EAAs resulting in markedly
elevated EAA concentrations in the blood and, therefore
might expose the fetus in utero to high enough blood
levels of EAAs to cause subtle excitotoxic brain damages
by interaction of EAAs with NMDA receptors during a
period of NMDA receptor hypersensitivity. It is also
possible that both the mother and fetus might have the
metabolic abnormality of EAAs so that the fetus, being
compromised in dealing with the excessive EAAs received
from the maternal blood, would develop exceedingly
high blood and brain levels of the toxin [29].

Our previous work reveals that maternal oral administra-
tion of [°H] glutamate at a late stage of pregnancy results
in uptake of radioactivity to mouse fetal brain. The mater-
nal ig excessive administration of MSG at a late stage of
pregnancy results in a series of behavioral disorders,
including MSG-induced hyperactivity that is reminiscent
of what is seen in the children suffered from attention
deficit hyperactivity disorder (ADHD), and obvious
histopathological lesions in hippocampus in the filial
mice. Simultaneous administration of SF obviously in-
hibits the uptake of labeled glutamate in fetal brain, and
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counters the effects of MSG on behavior, histopathology,
genetic toxicity, and expression of apoptosis-related gene.
The results suggest that SF is a novel competitive NMDA
receptor antagonist and neuroprotector. Therefore, maternal
administration of SF has potent protective effects against
glutamate-induced neurotoxicity in their filial mice [6,7].
Our present work demonstrates that maternal, and both
maternal and newborn subsequent administration of SF
facilitates the repair following excitotoxic neuronal da-
mages induced by maternal oral administration of MSG
at a late stage of pregnancy.

Our recent experimental results obtained from in vitro
tests show that SF treatment promotes the proliferation
of PC12 cells in the concentration range of 5 - 320 mM,
and induces PC12 cells to differentiate to more mature
cells with the morphological characteristics and molecu-
lar marker of neuronal-like cells; the results obtained
from in vivo tests show that SF treatment may up-regu-
late the expressions of nerve growth factor and brain-
derived neurotrophic factor, and induce the proliferation
of neural stem cell/neural progenitor cells in the hippo-
campi of chronic mild stress-induced depression-like model
rats [21]. Taken together, promotive effect of brain repair
of SF is related to neuroprotective and neurogenesis-
enhancing effects of SF, but may mainly result from its
neurogenesis-enhancing effect.
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