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ARTICLE INFO ABSTRACT
Keywords: The present study investigated the role of neuroinflammation and brain oxidative stress induced by neonatal
Alpha-glycosyl isoquercitrin (AGIQ) treatment with lipopolysaccharides (LPS) on the development of autism spectrum disorder (ASD)-like behaviors

Autism spectrum disorder (ASD)
Hippocampal neurogenesis
Lipopolysaccharides (LPS)
Neuroinflammation

Oxidative stress

and disruptive hippocampal neurogenesis in rats by exploring the chemopreventive effects of alpha-glycosyl
isoquercitrin (AGIQ) as an antioxidant. AGIQ was dietary administered to dams at 0.25% or 0.5% (w/w) from
gestational day 18 until postnatal day (PND) 21 on weaning and then to pups until the adult stage on PND 77.
The pups were intraperitoneally injected with LPS (1 mg/kg body weight) on PND 3. At PND 6, LPS alone
increased Ibalt and CD68™ cell numbers without changing the CD163" cell number and strongly upregulated
pro-inflammatory cytokine gene expression (Il1a, Il1b, 116, Nfkb1, and Tnf) in the hippocampus, and increased
brain malondialdehyde levels. At PND 10, pups decreased ultrasonic vocalization (USV), suggesting the induc-
tion of pro-inflammatory responses and oxidative stress to trigger communicative deficits. By contrast, LPS alone
upregulated Nfe2I2 expression at PND 6, increased Ibal*, CD68", and CD163" cell numbers, and upregulated
Tgfbl at PND 21, suggesting anti-inflammatory responses until the weaning period. However, LPS alone dis-
rupted hippocampal neurogenesis at weaning and suppressed social interaction parameters and rate of freezing
time at fear acquisition and extinction during the adolescent stage. On PND 77, neuroinflammatory responses
had mostly disappeared; however, disruptive neurogenesis and fear memory deficits were sustained. AGIQ
ameliorated most changes on acute pro-inflammatory responses and oxidative stress at PND 6, and the effects on
USVs at PND 10 and neurogenesis and behavioral parameters throughout the adult stage. These results suggested
that neonatal LPS treatment induced acute but transient neuroinflammation, triggering the progressive disrup-
tion of hippocampal neurogenesis leading to abnormal behaviors in later life. AGIQ treatment was effective for
ameliorating LPS-induced progressive changes by critically suppressing initial pro-inflammatory responses and
oxidative stress.

several essential developmental stages. During gestational and neonatal
stages, the activated immune system can affect normal brain develop-
ment, with long-lasting consequences on neurological and mental health
[1]. Autism spectrum disorder (ASD) is a neurodevelopmental disorder

1. Introduction

During the perinatal period, the immature brain passes through
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Abbreviations

AGIQ alpha-glycosyl isoquercitrin

ARC activity-regulated cytoskeleton-associated protein
ASD autism spectrum disorder

BDNF brain-derived neurotrophic factor

CA Cornu Ammonis region

CALB1 calbindin-D-28K

CALB2 calbindin-D-29K

CD cluster of differentiation

COXx2 cyclooxygenase-2

DCX doublecortin

FOS Fos proto-oncogene, AP-1 transcription factor subunit

GABA  y-aminobutyric acid
GAD67 glutamic acid decarboxylase 67
Gapdh  glyceraldehyde-3-phosphate dehydrogenase

GCL granule cell layer

GD gestational day

GFAP glial fibrillary acidic protein
GSH reduced glutathione

GSSG glutathione disulfide

Hprt1 hypoxanthine phosphoribosyltransferase 1
Ibal ionized calcium-binding adapter molecule 1
IEG immediate-early gene

IL-6 interleukin 6

KEAP1  Kelch-like ECH-associated protein 1

LPS lipopolysaccharides

MDA malondialdehyde

NeuN neuronal nuclei

NPC neural progenitor cell

NRF2 nuclear factor erythroid 2-related factor 2
NSC neural stem cell

PCNA  proliferating cell nuclear antigen

PFA paraformaldehyde
PND postnatal day

PVALB parvalbumin

p-ERK1/2 phosphorylated extracellular signal-regulated kinase 1,/2
RELN reelin

RT reverse transcription

SGZ subgranular zone

SOX2 SRY-box transcription factor 2

SST somatostatin

TBR2 T-box brain protein 2

tGSH total glutathione

TLR Toll-like receptor

TNF-a  tumor necrosis factor-alpha

TUBB3 tubulin, beta 3 class III

TUNEL terminal deoxynucleotidyl transferase dUTP nick end
labeling

usv ultrasonic vocalization

with symptoms characterized by deficits in social and communicative
abilities, repetitive behaviors, or restricted areas of interest [2]. Several
types of ASD have been described, such as Asperger’s syndrome and
pervasive developmental disorder [3], and ASD likely has multiple un-
derlying causes. Neuroimmune alterations and inflammatory processes
during brain development may contribute to the etiology of ASD [4].

Lipopolysaccharides (LPS) are a major component of gram-negative
bacterial cell walls and represent a known endotoxin and potent acti-
vator of the innate immune system through interaction with the Toll-like
receptor (TLR)-4. In the brain, TLR-4 is primarily expressed by micro-
glia, astrocytes, mature neurons, and neural progenitor cells (NPCs). The
hippocampus contains many cells that express TLR-4 and cytokine re-
ceptors, making the hippocampus vulnerable to the harmful effects of
neuroinflammation [5]. Oxidative stress and neuroinflammation are
interrelated because oxidative stress increases in inflamed tissues and
can lead to cell death [6]. LPS treatment is used as an important model
for the study of neuroinflammation associated with neurodegenerative
diseases [7], and neonatal LPS treatment has been shown to result in
changes in social behaviors and cognitive functions in rats, serving as an
ASD model [8].

Adult neurogenesis has an adaptive function because newly pro-
duced neurons can integrate into and modify existing neuronal circuits
[9]. The subgranular zone (SGZ) of the hippocampal dentate gyrus re-
tains the ability to generate new neurons during adulthood. In the SGZ,
type-1 neural stem cells (NSCs) undergo self-renewal and produce
type-2a, type-2b, and type-3 proliferative NPCs. Type-3 NPCs differen-
tiate to postmitotic immature granule cells, which integrate into the
granule cell layer (GCL) as mature granule cells [10,11]. Neurons in the
hippocampal dentate gyrus receive various projections from other brain
regions, such as y-aminobutyric acid (GABA)-ergic, cholinergic, dopa-
minergic, and glutamatergic inputs [12,13]. GABAergic interneurons in
the hilus of the dentate gyrus have been reported to regulate granule cell
differentiation and the maintenance of appropriate granule cell pop-
ulations [11-13]. Both cholinergic and glutamatergic inputs to the SGZ
are important for maintaining adequate levels of proliferation and dif-
ferentiation among granule cell lineages [12,14]. Newly generated
neurons in the hippocampus are integrated into the circuitry of existing

neurons and play important roles in learning and memory; anxiety and
stress regulation; and certain aspects of social behaviors [15]. Adult
hippocampal neurogenesis is suppressed by LPS-induced neuro-
inflammation [5], and previous studies using rodent ASD models suggest
that many disparate mechanisms are involved in ASD pathophysiology,
including impaired neurogenesis, GABAergic imbalances, and synaptic
plasticity deficits [16-18].

Alpha-glycosyl isoquercitrin (AGIQ), also known as enzymatically
modified isoquercitrin, is a polyphenolic flavonol glycoside derived
from the enzymatic glycosylation of rutin, which can be found in natural
products, such as citrus fruits, red beans, and buckwheat [19]. AGIQ is a
mixture of quercetin glycoside, consisting of isoquercitrin and its
a-glucosylated derivatives, with 1-10 additional linear glucose moieties
[19]. AGIQ has shown a strong radical scavenging activity, which is
more pronounced than that of dibutylhydroxytoluene, a representative
antioxidant, by 1,1-diphenyl-2-picrylhydrazyl method (unpublished
data; San-Ei Gen F.F.L Inc., Osaka, Japan). AGIQ presents with better
water solubility and bioavailability than quercetin [20] and exerts
several chemopreventive effects, including antioxidant [21],
anti-inflammatory [21], antihypertensive [22], anti-allergic [20], and
tumor-suppressive [23] effects. In addition, AGIQ can pass the
blood-brain barrier and is distributed in the brain [24]. While there are
no available studies reporting transplacental or translactational transfer
of AGIQ to offspring, ameliorating effects on disease conditions have
been revealed in offspring by developmental exposure to quercetin or
isoquercitrin [25,26]. Recently, we also reported the facilitation of fear
extinction learning in a contextual fear conditioning test following
continuous AGIQ exposure starting during the developmental stages in
rats [27,28]. Furthermore, developmental hypothyroidism-induced
disruptive neurogenesis was ameliorated due to the restoration of anti-
oxidant system and neurogenesis-regulatory system involving GABAer-
gic interneuron subpopulations after postweaning continuous AGIQ
exposure [29].

The present study was conducted to investigate the role of neuro-
inflammation and brain oxidative stress on the development of disrup-
tive brain functions induced by neonatal LPS treatment in rats. For this
purpose, we examined the chemopreventive effects of AGIQ as an
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antioxidant and anti-inflammatory agent against LPS-induced ASD-like
behaviors and disruptive hippocampal neurogenesis. AGIQ was contin-
uously administered to dams starting during the late gestation and
lactation periods, and AGIQ administration continued in pups after
weaning and throughout the adult stage. The time-dependent effects of
neonatal LPS treatment and the chemopreventive effect of AGIQ were
examined with respect to neuroinflammation, oxidative stress,
communicative and learning abilities, and hippocampal neurogenesis.

2. Materials and methods
2.1. Chemicals and animals

LPS from Escherichia coli O55:B5 purified by phenol extraction (EC
No. 297-473-0; purity: 97%) was purchased from Sigma-Aldrich Co.
LLC. (St. Louis, MO, USA). AGIQ (purity: > 97%) was provided by San-Ei
Gen F.F.L. Inc.. Mated female Slc:SD rats were purchased from Japan
SLC, Inc. (Hamamatsu, Japan) at gestational day (GD) 1 (appearance of
vaginal plug was designated as GD 0). Pregnant rats were individually
housed in polycarbonate cages with paper bedding until day 21 after
delivery. Animals were maintained in an air-conditioned animal room
(temperature: 23 + 2°C, relative humidity: 55 + 15%) with a 12-h light/
dark cycle. Pregnant rats were allowed free access to a powdered basal
diet (CRF-1; Oriental Yeast Co. Ltd., Tokyo, Japan) until the start of
exposure to AGIQ and access to tap water ad libitum throughout the
experimental period. From postnatal day (PND) 21 (where PND 0 is the
day of delivery) onwards, pups were reared with three or four animals
per cage and provided powdered basal diet with or without AGIQ and
tap water ad libitum.
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2.2. Experimental design

2.2.1. Main study

The main study was conducted to examine behaviors in terms of
open field test, social interaction test, and contextual fear conditioning
test during the adolescent and adult stages, brain oxidative stress, neu-
roinflammatory responses, and hippocampal neurogenesis in infancy
and at weaning and adult stage (Fig. 1). Pregnant rats were randomly
assigned to four groups (controls, LPS alone, LPS + 0.25% AGIQ, and
LPS + 0.5% AGIQ) of 15 animals per group before starting AGIQ
treatment at GD 18. AGIQ mixed with 0.25% or 0.5% (w/w) in the
powdered basal diet was administered to dams from GD 18 to post-
delivery day 21 and to pups from PND 21 to PND 77. The high dose of
AGIQ in the present study has been shown to facilitate fear extinction
learning by continuous exposure from the gestational stages to adult-
hood [27,28]. In the main study, body weight, and food and water
consumption of dams were measured every 3-5 days throughout the
experimental period. Because neurogenesis is influenced by circulating
levels of steroid hormones during the estrous cycle [30], male pups were
selected for all analyses in the main study. On PND 2, the litters were
randomly culled to preserve 5-8 male pups and 0-3 female pups per
litter (total of 8 pups per litter). On PND 3, male pups were adminis-
trated LPS at 1 mg/kg body weight intraperitoneally or saline to con-
trols. The dosage, route and timing of LPS treatment were determined
based on the results of the previous study showing induction of robust
microglia activation, aberrant hippocampal neurogenesis, and deficits in
communicative and cognitive functions [8]. The pups were weighed
every 3-4 days until PND 21 and measured body weight, food and water
consumption once a week until PND 77. On PND 6, 10 male pups per
group (one pup per dam) were euthanized by exsanguination from the
abdominal aorta under deep anesthetization with CO2/03, and removed

Main Study
Animals: Mated female SD rats (N = 15/group)
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Fig. 1. Experimental design of developmental exposure study of lipopolysaccharides (LPS) and alpha-glycosyl isoquercitrin (AGIQ) using mated female SD rats.

Animal experiments consist of main study and satellite study.
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brains were fixed in methacarn solution for 5 h at room temperature and
then immersed in 100% ethanol for immunohistochemical analysis. On
PND 21, 10-12 male pups per group (one pup per dam) were subjected
to perfusion fixation for immunohistochemical analysis through the left
cardiac ventricle with ice-cold 4% (w/v) paraformaldehyde (PFA) in 0.1
M phosphate buffer (pH 7.4) at a flow rate of 10 mL/min after deep
anesthetization with CO2/02. For mRNA expression analysis on PND 21,
6-12 male pups (one pup per dam) were euthanized by exsanguination
from the abdominal aorta under CO5/0, anesthesia and their brains
were removed, weighed and fixed according to the whole brain fixation
method using methacarn solution [31]. For measurement of oxidative
stress levels in the brain on PND 21, 7-13 male pups per group (one pup
per dam) were subjected to blood perfusion through the left cardiac
ventricle with ice-cold saline [0.9% (w/v) sodium chloride] at a flow
rate of 10 mL/min and removed the brain after deep anesthetization
with CO2/0,. The hippocampal tissues were excised from the cerebral
hemisphere on ice, immediately frozen in liquid nitrogen and stored at
—80 °C until analysis. Ten male pups per group were examined for
behavioral tests during each of the adolescent stage (PND 38-45) and
adult stage (PND 70-77). Different animals were used for behavioral
tests between the adolescent and adult stages. On PND 77, 10 male pups
per group that have not been examined in behavioral tests during the
adult stage were subjected to perfusion fixation with ice-cold 4% PFA
buffer solution at a flow rate of 35 mL/min after deep anesthetization
with CO2/05 for immunohistochemical analysis of neurogenesis-related
and glial cell marker proteins. In addition, all animals subjected to
behavioral tests (open field test, social interaction test and contextual
fear conditioning test) during the adult stage were similarly subjected to
perfusion fixation for immunohistochemical analysis of synaptic
plasticity-related proteins. For mRNA expression analysis on PND 77,
6-10 male pups per group were euthanized for brain sampling in a
similar fashion with PND 21.

2.2.2. Satellite study

Satellite study was conducted to examine brain oxidative stress and
neuroinflammatory responses, as well as ultrasonic vocalization (USV)
during early postnatal life (Fig. 1). The group composition and treatment
protocol of LPS and AGIQ were the same as those in the main study, and
3 mated female rats per group were used. On PND 2, the litters were
randomly culled to preserve 4-6 male pups and 4-6 female pups per
litter (total of 10 pups per litter). Because estrous cycle of rat does not
resume during lactation period in dam [32] and does not begin in in-
fancy [33], either male or female pups were selected for each analysis in
the satellite study. On PND 6, 7 male pups per group were euthanized by
exsanguination from the abdominal aorta under CO,/O5 anesthesia and
their brains were removed for measurement of oxidative stress levels.
Cerebral hemisphere samples were excised and immediately frozen in
liquid nitrogen and stored at —80 °C until analysis. For mRNA expres-
sion analysis on PND 6 in terms of oxidative stress and neuro-
inflammatory responses, 7 male pups per group were similarly
euthanized and removed brains were subjected to whole-brain fixation
using methacarn solution as aforementioned. On PND 10, 6-10 female
pups per group were examined for USV test.

In both of main and satellite studies, all dams and remaining female
pups were euthanized at PND 21 by exsanguination from the abdominal
aorta under CO5/05 anesthesia.

All animal experiments in the present study were conducted in
accordance with the National Institutes of Health guide for the care and
use of laboratory animals (NIH Publications No. 8023, revised 1978),
and all efforts were made to minimize animal suffering. The experi-
mental procedures were approved by the Animal Care and Use Com-
mittee of the Tokyo University of Agriculture and Technology (approved
No.: 31-38 for main study; 31-64 for satellite study).
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2.3. Behavioral tests

USV test was performed using lactating pups, and open field test,
social interaction test, and contextual fear conditioning test were per-
formed using adolescent and adult animals. All behavioral tests were
conducted in the behavior room adjacent to the animal room. In each
behavioral test, the apparatus was cleaned with 70% ethanol solution
every time when each animal was tested. After the cessation of each test,
each animal was promptly returned to the home cage and transferred to
the animal room. All experiments were conducted during the period
between 08:00 and 19:00, and the order of animal selection for test
among groups was balanced to avoid any bias (e.g., by circadian hor-
monal fluctuations) in each group.

2.3.1. USV test

The USV test was performed on PND 10 using female pups in the
satellite study to assess the parameters related to mother-child
communication. The test took place in polycarbonate observation
cages (172 mm width x 240 mm depth x 129 mm height) that were
placed in a sound-attenuating chamber (CL-4211; O’Hara & Co., Ltd.,
Tokyo, Japan) maintained at 50 lux luminance and 50 dB white noise. In
order to collect USVs of test animals, a microphone with an integrated
preamplifier (4158 HN; O’Hara & Co., Ltd.) was placed in the center of
the observation cage with the sound-collecting tip directly above the
animals so that the animals could not touch it. The test animal was
transferred from the home cage to the observation cage and the 5-95
kHz USV was recorded for 5 min per animal using interface (USV-
1010AF; O’Hara & Co., Ltd.) and recoding software (URS-9100; O’Hara
& Co., Ltd.). Because 40 kHz USV is emitted by pups during social
isolation when separated from mother and littermates in rats [34],
38-42 kHz USV of tested animals were extracted by ultrasonic wave
analysis software (UWA-9100; O’Hara & Co., Ltd.) and subjected to
calculation of USV parameters (call counts, and average and maximum
durations per call). USV test was conducted during 13:00-19:00.

2.3.2. Open field test

Open field test was performed on PND 38 (adolescent stage) and PND
70 (adult stage) using male pups in the main study to assess the
parameter related to locomotor activity and anxiety-like behaviors and
to habituate to the arena that will be used in the social interaction test on
the following days (Supplementary Fig. 1). The arena consisted of a
square stainless-steel tray with black polyvinyl plastic surface and walls
with a black polyvinyl plastic surface surrounding the tray (900 mm
width x 900 mm depth x 500 mm height; O’Hara & Co., Ltd.). The floor
illuminance was 20 lux in the center of the arena. Animals were trans-
ferred from the animal room to the behavior test room 1-1.5 h before the
start of the experiment and habituated to the behavior test room. The
test animal was placed at the corner of the arena with the head facing the
wall and allowed to explore the arena freely for 10 min. The total
moving distance and time spent in the center or wall area of the field
were recorded by a CCD camera (WAT-902B; Watec Co., Ltd., Tsuruoka,
Japan) mounted above the arena and evaluated by an automatic video-
tracking system (TimeOFCR1 software; O’Hara & Co., Ltd.). In the
video-tracking analysis, the field was equally divided into 25 square
areas, and the central 9 areas were defined as the center region, and the
percentage of time spent in the center region or wall side was calculated.

2.3.3. Social interaction test

Social interaction test was performed on PND 39 and PND 40
(adolescent stage) and on PND 71 and PND 72 (adult stage) using male
pups in the main study to assess the ability to recognize novel animal
and the sociality to novel animal (Supplementary Fig. 1). The test con-
sisted of session 1 (PND 39 and PND 71) and session 2 (PND 40 and PND
72). The floor illuminance was 20 lux in the center of the arena. Animals
were transferred from the animal room to the behavior test room 1-1.5 h
before the start of the experiment and habituated to the behavior test
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room. In session 1 (habituation to the mesh cage), the mesh cage (SI-
MBR, 200 mm width x 150 mm depth x 300 mm height; O’Hara & Co.,
Ltd.) without the novel animal was set up at the corner of the same arena
as used in the open field test. The test animal was placed on the opposite
side of the mesh cage with the head facing the wall and allowed to
explore the arena freely for 5 min. The moving distance and exploration
time toward the mesh cage were recorded by a CCD camera (WAT-902B;
Watec Co., Ltd.) mounted above the arena and evaluated by an auto-
matic video-tracking system (TimeSSI software; O’Hara & Co., Ltd.). In
the video-tracking analysis, the area around the mesh cage was divided
into “Contact area radius”, “In radius”, and “Out radius” and social
interaction parameters (moving distance around the mesh cage, contact
counts into contact area radius, and spent time around mesh cage) were
calculated. In session 2, unfamiliar animals were placed in the mesh cage
and the test animal was examined for 3 min. The same analysis as in
session 1 was conducted. Among the animals in the control group, the
unfamiliar animals were selected as those from different home cages
than the animals used for behavioral tests. Four animals of average body
weight were selected and used for each test in turn.

2.3.4. Contextual fear conditioning test

Contextual fear conditioning test was conducted during the periods
from PND 41 to PND 45 (adolescent stage) and from PND 73 to PND 77
(adult stage) using male pups in the main study. Five trials in the order of
“fear conditioning”, “fear acquisition”, and “fear extinction trial #1, #2,
and #3” were performed with 24 h interval during 5 consecutive days
(Supplementary Fig. 1). The test took place in a rodent observation cage
(30 x 37 x 25 cm) constructed of Plexiglas that was placed in a sound-
attenuating chamber (CL-4211; O’Hara & Co., Ltd.). The chamber was
kept at 50 dB white noise, and at 50 lux luminance. The floor of the
chamber consisted of 21 steel rods through which a scrambled shock
from a shock generator (SGA-2020; O’Hara & Co., Ltd.) was delivered.
Animals were transferred from the animal room to the behavior test
room 1-1.5 h before the start of the experiment and habituated to the
behavior test room. In the trial of contextual fear conditioning, animals
were transferred from the home cage to the observation cage and after
88, 148, and 238 s, they received 2 s footshocks (0.3 mA intensity, a total
of 3 footshocks). Animals were removed from the observation cage 60 s
after the final footshock and returned to the home cages. Thus, it took 5
min for the trial. In the trial of contextual fear acquisition and extinction,
animals were placed back into the original training context for 5 min,
but during which no footshock was delivered. Animals examined during
the adult stage were euthanized 90 min after the 3rd fear extinction
session for immunohistochemical analysis of synaptic plasticity-related
proteins in the GCL to examine their maximal induction in response to
behavioral stimuli [28]. Animals’ behavior was video recorded by a CCD
camera (WAT-902B; O’Hara & Co., Ltd.) and analyzed the rate of
freezing time using an automatic video tracking system (TimeFZ2 soft-
ware; O’Hara & Co., Ltd.). The rate of freezing time was defined as the
percent of time the rat spent in freezing behavior for >2 s during each of
the trial time of 5 min.

2.4. Measurement of oxidative stress parameters in the brain

Lipid peroxidation levels were analyzed by measuring the accumu-
lation of thiobarbituric acid-reactive substances in the brain tissue and
expressed as malondialdehyde (MDA) content using Lipid Peroxidation
(MDA) Assay Kit (Abcam plc, Cambridge, UK). The brain tissue samples
(N = 7 per group, cerebral tissues at PND 6 and hippocampal tissues at
PND 21) were homogenized in a lysis buffer solution containing dibutyl
hydroxytoluene. The homogenates were reacted with thiobarbituric
acid at 95°C for 60 min. Then, the MDA-thiobarbituric acid adducts were
extracted with n-butanol and their concentrations were determined
spectrophotometrically at 532 nm using a microplate reader. The pro-
tein concentration of each tissue homogenate was determined using a
Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific,
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Waltham, MA, USA) to quantitate concentration of MDA (nmol/mg
tissue protein).

Glutathione disulfide (GSSG) and reduced glutathione (GSH) levels
in the brain tissue were measured on both PND 6 and PND 21 using
GSSG/GSH Quantification Kit (Dojindo Laboratories, Kumamoto,
Japan). The brain tissue samples (N = 7 per group, cerebral tissues at
PND 6 and hippocampal tissues at PND 21) were homogenized in a 5%
5-sulfosalicylic acid solution. Diluted supernatants were assayed for
GSSG/GSH levels according to the manufacturer’s protocol. The absor-
bance of the samples was determined spectrophotometrically at 405 nm
using a microplate reader. Total glutathione (tGSH: GSH plus GSSG) and
GSSG concentrations (pmol/L) were calculated using standard curves for
tGSH and GSSG. The GSH concentration (pmol/L) was calculated from
these two concentrations. The ratio of GSSG to GSH concentrations was
then determined.

2.5. Immunohistochemistry and apoptosis assay

2.5.1. Immunoreactive and apoptotic cell detection in the hippocampal
dentate gyrus

Three mm-thick coronal slices were prepared at —2.2 mm from the
bregma of the perfusion-fixed brains at PND 21 and PND 77 using a
brain matrix. In the case of methacarn-fixed brains at PND 6, 4 mm-thick
coronal slices were made at the position of the optic chiasm to include
hippocampal formation. Brain slices were further fixed with 4% PFA
buffer solution (PND 21 and PND 77) or 100% ethanol (PND 6) over-
night at 4 °C, routinely embedded in paraffin and sectioned at 3 pm.

Brain sections were subjected to immunohistochemical analysis
using primary antibodies against the following (Supplementary
Table 1): glial fibrillary acidic protein (GFAP), which is expressed in
type-1 NSCs (radial glial cells) in the SGZ and astrocytes [35]; SRY-box
transcription factor 2 (SOX2), which is expressed in type-1 NSCs and
type-2a NPCs in the SGZ [35]; T-box brain protein 2 (TBR2), expressed
in type-2b NPCs in the SGZ [35]; doublecortin (DCX), which is expressed
in type-2b and type-3 NPCs and immature granule cells in the SGZ and
GCL [35]; tubulin, beta 3 class III (TUBB3, also known as Tuj-1), which is
expressed mainly in postmitotic immature granule cells in the SGZ and
GCL [36]; neuronal nuclei (NeuN), which is expressed in postmitotic
neurons of both immature and mature granule cells in the SGZ and GCL
[35]; and calbindin-D-28K (CALB1), calbindin-D-29K (CALB2), glutamic
acid decarboxylase 67 (GAD67), parvalbumin (PVALB), reelin (RELN),
and somatostatin (SST), which are expressed in GABAergic interneurons
[12,37]; ionized calcium-binding adapter molecule 1 (Ibal), a
microglia-specific molecule in the brain [38]; cluster of differentiation
(CD) 68, a general microglia/macrophage marker [39]; CD163, a M2
microglia/macrophage marker [39]; proliferating cell nuclear antigen
(PCNA), a cell proliferation marker; Fos proto-oncogene, AP-1 tran-
scription factor subunit (FOS), activity-regulated cytoskeleton-asso-
ciated protein (ARC), and cyclooxygenase-2 (COX2), which are
members of the immediate-early gene (IEG) proteins involved in syn-
aptic plasticity [40]; phosphorylated extracellular signal-regulated ki-
nase 1/2 (p-ERK1/2; phosphorylated p44/p42 MAP kinase), a member
of the mitogen activated protein kinase family that is activated by
phosphorylation to promote transcriptional programs leading to the
induction of Arc and Fos [41,42].

Avidin-Biotin Complex method was used in immunohistochemical
staining and hematoxylin was used for counter staining. Deparaffinized
sections were incubated in 0.3% hydrogen peroxide solution in absolute
methanol for 30 min to quench the endogenous peroxidase. Conditions
of antigen retrieval applied for some primary antibodies were shown in
Supplementary Table 1. The sections and primary antibody were reacted
overnight at 4 °C. Inmunodetection was performed using a Vectastain®
Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) with 3,3'-
diaminobenzidine/H20; as the chromogen. One section per animal was
subjected to each immunohistochemical analysis.

For detection of apoptosis in the SGZ and GCL, a terminal
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deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was
carried out using an In situ Apoptosis Detection kit (Takara Bio Inc.,
Kusatsu, Japan), with 3,3'-diaminobenzidine/H50, as the chromogen.
One section per animal was subjected to TUNEL assay.

2.5.2. Quantification of immunoreactive and apoptotic cell in the
hippocampal dentate gyrus

In the brain samples of PND 21 and PND 77, GFAP', SOX2" or
TBR2" cells of granule cell lineages, PCNA™ proliferating cells in the
SGZ of the dentate gyrus were bilaterally counted and normalized for the
length of the SGZ (Supplementary Fig. 2). DCX', TUBB3" or NeuN " cells
of granule cell lineages distributed in the SGZ and GCL, and ARC",
COX2%, FOS™ or p-ERK1/2" granule cells in the GCL were bilaterally
counted and normalized for the length of SGZ. TUNEL" apoptotic cells
counted in both of the SGZ and GCL respectively and normalized for the
length of the SGZ. GABAergic interneuron subpopulations distributed
within the hilus of the dentate gyrus, i.e., CALB1", CALB2", GAD67,
PVALB™", RELN" or SST" cells, were bilaterally counted and normalized
per area unit of the hilar area (polymorphic layer). Glial cell populations
distributed within the dentate gyrus hilus, i.e., Ibal™, CD68", CD163"
or GFAP™ cells were also similarly counted and normalized per area unit.
In the brain samples of PND 6, glial cell populations, i.e., Ibal™, CD68™,
CD163" or GFAP™ cells, were bilaterally counted and normalized per
area unit of the whole area of hippocampal formation (Supplementary
Fig. 2). The number of each immunoreactive cell population except for
NeuN" cells was manually counted while blinded to the treatment
conditions under microscopic observation using a BX51 microscope
(Olympus Corporation, Tokyo, Japan). In the case of NeuN' cell
counting, digital photomicrographs at x 100-fold magnification were
taken using a BX51 microscope attached to a DP26 Digital Camera
System (Olympus Corporation), and the immunoreactive cells were
counted automatically applying the WinROOF image analysis software
package (version 5.7; Mitani Corporation, Fukui, Japan). Immunoreac-
tive neurons located inside of the Cornu Ammonis region (CA) 3, con-
sisting of large pyramidal neurons were excluded from the counting in
the hilus of the dentate gyrus. The length of the SGZ and the area of the
hilus were measured by applying the cellSens image analysis software
package (standard package 1.9; Olympus Corporation).

2.6. Transcript-level expression analysis in the hippocampal dentate gyrus

The mRNA expression in the hippocampal dentate gyrus of male
pups were examined at PND 6, PND 21 and PND 77 using real-time
reverse transcription (RT)-PCR. Two-mm-thick coronal brain slices
were prepared at —3.0 mm from the bregma of methacarn-fixed brains
on PND 21 and PND 77 using a brain matrix, then dentate gyrus tissue
was collected from the slice using a biopsy punch with a 1-mm pore size
(Kai Industries Co. Ltd. Gifu, Japan). In case of the brains at PND 6, 2
mm-thick coronal slices were made at the position of the optic chiasm,
then dentate gyrus tissue was collected from the slice. Total RNA from
the tissue sample was extracted using RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. First-strand cDNA
was synthesized using SuperScript® III Reverse Transcriptase (Thermo
Fisher Scientific) from 1 pg total RNA. The target genes for real-time RT-
PCR and the sequence of the primers for each gene are shown in Sup-
plementary Table 2. The primer sequences of genes for real-time RT-
PCR, except for Il6, were designed using Primer Express software
(Version 3.0; Thermo Fisher Scientific) or Primer-BLAST (NCBI,
https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primer se-
quences of Il6 were identical to those used in previous reports [43].
Real-time PCR with Power SYBR® Green PCR Master Mix (Thermo
Fisher Scientific) was performed using a StepOnePlus™ Real-time PCR
System (Thermo Fisher Scientific). The relative transcript level of target
genes in each group to the controls was determined by the 2724C;
method [44], using hypoxanthine phosphoribosyltransferase 1 (Hprtl)
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) gene as the

Chemico-Biological Interactions 351 (2022) 109767

endogenous controls in the same sample.
2.7. Statistical analysis

Numerical data were presented as mean =+ SD. Significant differences
between the controls and LPS alone were evaluated as follows. Levene’s
test was applied for homogeneity of variance. When the variance was
homogenous between the groups, Student’s t-test was applied, and in
case of heterogeneous data, Aspin-Welch’s t-test was performed. Sig-
nificant differences between the LPS alone and LPS +0.25% AGIQ or LPS
-+0.5% AGIQ group were evaluated as follows. Levene’s test was applied
for homogeneity of variance. If the variance was homogenous, numer-
ical data were assessed using Dunnett’s test. In case of heterogeneous
data, Aspin Welch’s t-test with Bonferroni correction was applied. All
analyses were performed using IBM SPSS Statistics ver. 25 (IBM Cor-
poration, Armonk, NY, USA), and P < 0.05 was considered statistically
significant.

3. Results
3.1. In life parameter data and necropsy data

After LPS treatment at PND 3, 20-30% of male pups died within a
few days (Supplementary Table 3). Body weight of male pups in the LPS
alone significantly decreased from PND 6 to PND 40 compared with
controls but the food and water consumption were not statistically
different compared with the controls (Supplementary Table 4). Body
weight of male pups in the LPS +0.5% AGIQ group significantly
decreased from PND 3 to PND 13 and from PND 23 to PND 77 compared
with the LPS alone. Food consumption of male pups in the LPS +0.25%
AGIQ group significantly decreased at PND 23, and that in the LPS
+0.5% AGIQ group significantly decreased at PND 23 and PND 34,
compared with the LPS alone. Water consumption of male pups in the
LPS +0.5% AGIQ group significantly decreased at PND 23, PND 34, and
PND 48 compared with the LPS alone.

At necropsies on PND 6 and PND 21, body weight in the LPS alone
significantly decreased compared with the controls (Supplementary
Table 5). On PND 21, brain weight in the LPS alone significantly
decreased compared with the controls. On PND 77 necropsy, body and
brain weights were unchanged between the controls and LPS alone and
between the LPS alone and any of the LPS + AGIQ groups.

3.2. Behavioral test

3.2.1. USV test

Total call counts, maximum duration per call, and average duration
per call were significantly decreased in the LPS alone compared with the
controls. Total call counts and average duration per call in the LPS
+0.5% AGIQ group and maximum duration per call in the LPS +0.25%
AGIQ group were significantly increased compared with the LPS alone
(Fig. 2, Supplementary Table 6).

3.2.2. Open field test

Open field test conducted during both adolescent and adult stages,
any parameters related to locomotor and anxiety were not statistically
different between the controls and LPS alone and between the LPS alone
and any of the LPS + AGIQ groups (Supplementary Table 7).

3.2.3. Social interaction test

During the adolescent stage, any parameters examined were not
statistically different between the controls and LPS alone and between
the LPS alone and any of the LPS + AGIQ groups when using empty mesh
cage only (Supplementary Table 8). In contrast, when novel animal was
added to the mesh cage, moving distance around the mesh cage was
significantly decreased in the LPS alone compared with the controls.
This value was significantly increased in the LPS +0.5% AGIQ group
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Fig. 2. The results of behavioral tests. (A) Ultrasonic vocalization test in female pups at postnatal day (PND) 10. N = 6 (controls) or 10 (other groups). (B) Social
interaction test in male pups during the adolescent stage (session 2; PND 39-40). N = 10/group. (C) Contextual fear conditioning test in male pups during the
adolescent stage (PND 41-45) and adult stage (PND 73-77). N = 10/group. Values are expressed as the mean +SD or mean + SD. *P < 0.05, **P < 0.01, significantly
different from the controls by Student’s t-test or Aspin-Welch's t-test. /P < 0.05, /P < 0.01, significantly different from the LPS alone by Dunnett’s test or
Aspin-Welch’s t-test with Bonferroni correction.
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compared with the LPS alone (Fig. 2, Supplementary Table 8).

During the adult stage, any parameters were not statistically
different between the controls and LPS alone and between the LPS alone
and any of the LPS + AGIQ groups (Supplementary Table 9).

3.2.4. Contextual fear conditioning test

During the adolescent stage, the rate of freezing time at all trials
except for the 1st trial of fear extinction were not statistically different
between the controls and LPS alone and between the LPS alone and any
of the LPS + AGIQ groups (Fig. 2, Supplementary Table 10). The rate of
freezing time of the 1st trial of fear extinction in the LPS alone was
significantly decreased compared with the controls.

During the adult stage, the rate of freezing time of the fear condi-
tioning trial was not statistically different between the controls and LPS
alone and between the LPS alone and any of the LPS + AGIQ groups
(Fig. 2, Supplementary Table 10). The rate of freezing time of the fear
acquisition trial in the LPS alone was significantly decreased compared
with the controls. The rate of freezing time of the fear extinction trial in
LPS alone was significantly decreased compared with the controls at the
1st trial and this value of the LPS +0.25% AGIQ group was significantly
increased compared with the LPS alone at the 1st and 2nd trials.
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3.3. Immunohistochemical analysis

3.3.1. Numbers of glial cell populations in the hippocampal formation

On PND 6, number of Ibal®™ microglia/macrophages was signifi-
cantly increased in the LPS alone compared with the controls and this
value was significantly decreased in both of the LPS + AGIQ groups
compared with the LPS alone (Fig. 3, Supplementary Table 11). Number
of CD68" microglia/macrophages was significantly increased in the LPS
alone compared with the controls; however, AGIQ treatment did not
significantly alter the number compared with the LPS alone. Number of
CD163" microglia/macrophages was not significantly different between
the controls and LPS alone and between the LPS alone and any of the
LPS + AGIQ groups. Number of GFAP™ astrocytes was significantly
increased in the LPS alone compared with the controls and was signifi-
cantly decreased in both of the LPS + AGIQ groups compared with the
LPS alone.

On PND 21, number of Ibal™ microglia/macrophages was signifi-
cantly increased in the LPS alone compared with the controls and was
significantly decreased in the LPS +0.25% AGIQ group compared with
the LPS alone (Fig. 3, Supplementary Table 12). Number of CD68"
microglia/macrophages was significantly increased in the LPS alone
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Fig. 3. Distribution of immunoreactive cells for glial cell marker proteins, i.e., (A) ionized calcium-binding adapter molecule 1 (Ibal), (B) cluster of differentiation
(CD) 68, (C) CD163, and (D) glial fibrillary acidic protein (GFAP) in the hippocampal formation at postnatal day (PND) 6 and hilar region of the dentate gyrus at PND
21 and PND 77 of male pups. Representative images from the controls (left), LPS alone (middle), and LPS + 0.5% AGIQ (right) on PND 21. Arrowheads indicate
immunoreactive cells. Magnification x 200; bar = 100 pm. Graphs show the numbers of immunoreactive cells in the hippocampal formation at PND 6 and hilar
region at PND 21 and PND 77. N = 10/group. Values are expressed as the mean +SD. *P < 0.05, **P < 0.01, significantly different from the controls by Student’s t-
test or Aspin-Welch’s t-test. /P < 0.05, TP < 0.01, significantly different from the LPS alone by Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction.
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compared with the controls and was significantly decreased in both of
the LPS + AGIQ groups compared with the LPS alone. Number of
CD163" microglia/macrophages was significantly increased in the LPS
alone compared with the controls; however, AGIQ treatment did not
significantly alter the number compared with the LPS alone. Number of
GFAP™ astrocytes was significantly increased in the LPS alone compared
with the controls and was significantly decreased in the LPS +0.5%
AGIQ group compared with the LPS alone.

On PND 77, numbers of Ibal™, CD68, or CD163" microglia/macro-
phages and GFAP™ astrocytes were not significantly different between
the controls and LPS alone and between the LPS alone and any of the
LPS + AGIQ groups (Fig. 3, Supplementary Table 13).

3.3.2. Numbers of granule cell lineage subpopulations in the SGZ and/or
GCL

On PND 21, number of NeuN" cells was significantly decreased in the
LPS alone compared with the controls and was significantly increased in
the LPS +0.5% AGIQ group compared with the LPS alone (Fig. 4, Sup-
plementary Table 12). With regard to the numbers of GFAP*, SOX2™,
TBR2", DCX", and TUBB3™" cells, there were no significant differences
between the controls and LPS alone and between the LPS alone and any
of the LPS + AGIQ groups.

On PND 77, numbers of DCX" and TUBB3" cells were significantly
decreased in the LPS alone compared with the controls and number of
TUBB3™ cells was significantly increased in the LPS +0.5% AGIQ group
compared with the LPS alone (Fig. 4, Supplementary Table 13). With
regard to the numbers of GFAP™, SOX2", TBR2™", and NeuN™ cells, there
were no significant differences between the controls and LPS alone and
between the LPS alone and any of the LPS + AGIQ groups.

3.3.3. Cell proliferation activity and apoptotic cell numbers in the SGZ and/
or GCL

On PND 21, number of PCNA" proliferating cells showed no signif-
icant difference between the controls and LPS alone and between the
LPS alone and any of the LPS + AGIQ groups (Fig. 5, Supplementary
Table 12). Number of TUNEL" apoptotic cells in the SGZ was signifi-
cantly increased in the LPS alone compared with the controls; however,
AGIQ treatment did not significantly alter the number compared with
the LPS alone. Number of TUNEL™ cells in the GCL showed no significant
difference between the controls and LPS alone and between the LPS
alone and any of the LPS + AGIQ groups.

On PND 77, number of PCNA" proliferating cells was significantly
increased in the LPS alone compared with the controls; however, AGIQ
treatment did not significantly alter the number compared with the LPS
alone (Fig. 5, Supplementary Table 13). Number of TUNEL™ apoptotic
cells distributed in the SGZ and GCL showed no significant difference
between the controls and LPS alone and between the LPS alone and any
of the LPS + AGIQ groups.

3.3.4. Numbers of interneuron subpopulations in the hilus of the dentate
gyrus

On PND 21, numbers of GAD67" and PVALB™ interneurons were
significantly decreased in the LPS alone compared with the controls;
however, AGIQ treatment did not significantly alter the number
compared with the LPS alone (Fig. 6, Supplementary Table 12). There
were no significant differences in the numbers of CALB1t, CALB2T,
RELN™, and SST™ interneurons between the controls and LPS alone and
between the LPS alone and any of the LPS + AGIQ groups.

On PND 77, number of GAD67" interneurons was significantly
increased in the LPS alone compared with the controls; however, AGIQ
treatment did not significantly alter the number compared with the LPS
alone (Fig. 6, Supplementary Table 13). There were no significant dif-
ferences in the numbers of CALB1 ", CALB2*, PVALB*, RELN" and SST™"
interneurons between the controls and LPS alone and between the LPS
alone and any of the LPS + AGIQ groups.
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3.3.5. Numbers of immunoreactive cells for synaptic plasticity-related
proteins in the GCL

On PND 21, numbers of FOS™ or p-ERK1/2% cells showed no sig-
nificant difference between the controls and the LPS alone but were
significantly increased in the LPS +0.5% AGIQ group compared with the
LPS alone (Fig. 7, Supplementary Table 12). Numbers of ARC' and
COX2" cells showed no significant differences between the controls and
LPS alone and between the LPS alone and any of the LPS + AGIQ groups.

On PND 77, numbers of ARC" and FOS™ cells were significantly
increased in the LPS alone compared with the controls; however, AGIQ
treatment did not significantly alter the number compared with the LPS
alone (Fig. 7, Supplementary Table 13). Number of COX2" or p-ERK1/
27 cells showed no significant difference between the controls and LPS
alone and between the LPS alone and any of the LPS + AGIQ groups.

3.4. Transcript-level expression changes in the hippocampus

3.4.1. Inflammation and oxidative stress-related genes in the hippocampal
formation or dentate gyrus

On PND 6, transcript levels of Il1a, Il1b, Il6, Nfkb1, Tgfbl, and Tnf
among genes encoding chemical mediators and related molecules were
significantly increased in the hippocampal formation of the LPS alone
after normalization with Gapdh and/or Hprtl compared with the con-
trols (Table 1). Transcript levels of Illa and Il1b were significantly
decreased in both of the LPS + AGIQ groups after normalization with
Gapdh and Hprtl compared with the LPS alone. Transcript levels of
Keapl and Nfe2l2 among oxidative stress-related genes were signifi-
cantly increased in the hippocampal formation of the LPS alone after
normalization with Gapdh and/or Hprtl compared with the controls. On
the other hand, transcript level of Nfe2l2 was significantly decreased in
the LPS + 0.5% AGIQ group after normalization with Gapdh compared
with the LPS alone.

On PND 21 and PND 77, transcript level of Illa among genes
encoding chemical mediators and related molecules was significantly
increased in the dentate gyrus of the LPS alone after normalization with
Gapdh and Hprt1 compared with the controls; however, AGIQ treatment
did not alter the transcript level compared with the LPS alone (Table 1).
Transcript levels of any oxidative stress-related genes in the dentate
gyrus examined on PND 21 showed no significant difference between
the controls and LPS alone and between the LPS alone and any of the
LPS + AGIQ groups.

3.4.2. Neurogenesis-related genes in the dentate gyrus

On PND 21, transcript level of Rbfox3 (also known as NeuN) among
granule cell lineage marker genes was significantly decreased in the LPS
alone after normalization with Gapdh and Hprtl compared with the
controls and was significantly increased in both of the LPS + AGIQ
groups after normalization with Gapdh and Hprt1 compared with the LPS
alone (Table 2). Transcript level of Pvalb among GABAergic interneuron
marker genes was significantly decreased in the LPS alone after
normalization with Hprtl compared with the controls, and transcript
level of Calbl was significantly increased in the LPS +0.5% AGIQ group
after normalization with Gapdh compared with the LPS alone. Transcript
level of Chrna7 among cholinergic receptor genes was significantly
increased in the LPS +0.5% AGIQ group after normalization with Hprt1
compared with the LPS alone. Transcript level of Drd2, a dopaminergic
receptor gene, was significantly decreased in the LPS +0.5% AGIQ group
after normalization with Gapdh and Hprtl compared with the LPS alone.
Transcript level of Gria2 among genes encoding glutamatergic receptors
and glutamate transporters were significantly decreased in the LPS alone
after normalization with Gapdh compared with the controls. Transcript
level of Ptgs2 among synaptic plasticity-related genes was significantly
decreased in the LPS alone after normalization with Hprtl compared
with the controls and was significantly increased in both of the LPS +
AGIQ groups after normalization with Gapdh and Hprtl compared with
the LPS alone. Transcript level of Bdnf among neurotrophic factor-
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Fig. 4. Distribution of immunoreactive cells for granule cell lineage marker proteins, i.e., (A) glial fibrillary acidic protein (GFAP), (B) SRY-box transcription factor 2
(SOX2), or (C) T-box brain protein 2 (TBR2) in the subgranular zone (SGZ), and (D) doublecortin (DCX), (E) tubulin, beta 3 class III (TUBB3), or (F) neuronal nuclei
(NeuN) in the SGZ and granule cell layer (GCL) of male pups at postnatal day (PND) 21 and PND 77. Representative images from the controls (left), LPS alone
(middle), and LPS + 0.5% AGIQ (right) at PND 21 (GFAP, SOX2, TBR2 and NeuN) or PND 77 (DCX and TUBB3). Arrowheads indicate immunoreactive cells.
Magnification x 400; bar = 50 pm. Graphs show the numbers of immunoreactive cells in the SGZ and/or GCL. N = 10/group. Values are expressed as the mean +SD.
*P < 0.05, **P < 0.01, significantly different from the controls by Student’s t-test or Aspin-Welch’s t-test. /P < 0.01, significantly different from the LPS alone by
Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction.
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Fig. 5. Distribution of (A) proliferating cell nuclear antigen (PCNA)" proliferating cells and (B) terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)™ apoptotic cells in the subgranular zone (SGZ) of male pups at postnatal day (PND) 21 and PND 77. Representative images from the controls (left), LPS
alone (middle) and LPS + 0.5% AGIQ (right) at PND 21 (TUNEL) or PND 77 (PCNA). Arrowheads indicate immunoreactive cells. Magnification x 400; bar = 50 pm.
Graphs show the numbers of immunoreactive cells in the SGZ. N = 10/group. Values are expressed as the mean +SD. **P < 0.01, significantly different from the

controls by Student’s t-test or Aspin-Welch’s t-test.

related genes was significantly increased in the LPS +0.5% AGIQ group
after normalization with Gapdh and Hprtl compared with the LPS alone.

On PND 77, transcript level of Tubb3 among granule cell lineage
marker genes in the LPS alone was significantly decreased after
normalization with Gapdh and Hprt] compared with the controls and the
level in both of the LPS + AGIQ groups was significantly increased after
normalization with Gapdh and/or Hprtl compared with the LPS alone
(Table 3). Transcript level of Chrna7 among cholinergic receptor genes
was significantly decreased in the LPS + 0.25% AGIQ group after
normalization with Gapdh compared with the LPS alone. Transcript
levels of Grial, Gria2 and Gria3 among genes encoding glutamatergic
receptors were significantly decreased in either or both of the LPS +
AGIQ groups after normalization with Gapdh compared with the LPS
alone. Transcript level of Arc among synaptic plasticity-related genes
was significantly increased in the LPS alone after normalization with
Gapdh and Hprtl compared with the controls and was significantly
decreased in both of the LPS + AGIQ groups after normalization with
Gapdh and Hprtl compared with the LPS alone. Transcript level of Cntf
among neurotrophic factor-related genes was significantly increased in
the LPS alone after normalization with Gapdh compared with the con-
trols, and transcript level of Ntrk2 was significantly decreased in the LPS
+0.25% AGIQ group after normalization with Gapdh compared with the
LPS alone.

3.5. Oxidative stress level in the brain

On PND 6, MDA level in the cerebrum was significantly increased in
the LPS alone compared with the controls (Fig. 8, Supplementary
Table 14). On PND 21, MDA level in the hippocampus was significantly
decreased in the LPS +0.25% AGIQ group compared with the LPS alone.
GSSG/GSH ratio was not statistically different between the controls and
LPS alone and between the LPS alone and any of the LPS + AGIQ groups
on both PND 6 and PND 21.

4. Discussion
In the present study, LPS alone increased Ibal™ microglia/macro-

phages and GFAP™ astrocytes and upregulated the transcript levels of
inflammatory cytokines, such as Il1a, Il1b, Il6, and Tnf, on PND 6. The
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number of CD68™ cells also increased following LPS treatment, whereas
the numbers of CD163™ cells were very low in all groups at this time
point. CD68 is expressed in the activated isoforms of both M1-type pro-
inflammatory and M2-type anti-inflammatory microglia/macrophages
[45], and CD163 is expressed in M2 microglia/macrophages [39].
Because interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-a) are
M1 markers that cause pro-inflammatory neurodestructive responses
[46,47], these results suggest that LPS activates M1-polarized micro-
glia/macrophages shortly after neonatal exposure. In this study, LPS
alone upregulated Tgfbl expression on PND 6, which encodes trans-
forming growth factor B, a potent inflammatory suppressor [48]. Tgfb1
upregulation may, therefore, reflect the induction of anti-inflammatory
responses starting only a few days after LPS treatment. The simultaneous
increase in the GFAP" astrocyte population may also reflect a neuro-
protective response because astrocytes play roles in the innate and
adaptive immune responses against neural tissue injury [49]. In this
study, AGIQ treatment decreased the populations of Ibal® micro-
glia/macrophages and GFAP " astrocytes and downregulated or showed
a trend for downregulation of Il1q, Il1b, and Tnf compared with the LPS
alone on PND 6, whereas CD68" cell numbers remained unchanged.
These results suggested a neuroprotective function for AGIQ against
LPS-induced acute neuroinflammation.

On PND 21, LPS alone increased both CD68" and CD163™ cell
numbers, in addition to Ibal™ cell numbers, and non-significantly
upregulated Tgfbl. These results suggested the induction of an anti-
inflammatory response mediated by the transition from the M1 pheno-
type at PND 6 to the M2 phenotype at weaning. A sustained increase in
GFAP™ astrocytes suggested an anti-inflammatory response. By contrast,
AGIQ decreased the CD68™ population at both doses and retained or
increased the numbers of CD163" cells compared with the LPS alone.
AGIQ caused the further upregulation of Tgfbl at both doses, which
suggested that AGIQ may enhance anti-inflammatory responses. AGIQ
decreased or showed a decreasing trend in the numbers of GFAP™ as-
trocytes compared with the LPS alone, suggesting the amelioration of
initial pro-inflammatory responses. On PND 77, all LPS-induced glial
cell population changes and changes in the expression of chemical
mediator genes disappeared in AGIQ-treated animals, except for the
continued upregulation of Il1a, suggesting the amelioration of neuro-
inflammation during the adult stage.
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Fig. 6. Distribution of interneurons immunoreactive for (A) calbindin-D-28K (CALB1), (B) calbindin-D-29K (CALB2), (C) glutamic acid decarboxylase 67 (GAD67),
(D) parvalbumin (PVALB), (E) reelin (RELN), and (F) somatostatin (SST) in the hilar region of the dentate gyrus of male pups at postnatal day (PND) 21 and PND 77.
Representative images from the controls (left), LPS alone (middle), and LPS + 0.5% AGIQ (right) at PND 21. Magnification x 200; bar = 100 pm. Graphs show the
numbers of immunoreactive cells in the hilar region. N = 10/group. Values are expressed as the mean +SD. *P < 0.05, significantly different from the controls by
Student’s t-test or Aspin-Welch’s t-test.
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Fig. 7. Distribution of granule cells immunoreactive for synaptic plasticity-related proteins, i.e., (A) activity-regulated cytoskeleton-associated protein (ARC), (B)
cyclooxygenase-2 (COX2), (C) Fos proto-oncogene, AP-1 transcription factor subunit (FOS), and (D) phosphorylated extracellular signal-regulated kinase 1/2 (p-
ERK1/2) in the granule cell layer (GCL) of male pups at postnatal day (PND) 21 and PND 77. PND 77 animals were those examined at 90 min after the 3rd trial of fear
extinction test. Representative images from the controls (left), LPS alone (middle), and LPS + 0.5% AGIQ (right) at PND 21 (COX2, FOS, and p-ERK1/2) or PND 77
(ARC). Magnification x 400; bar = 50 pm. Graphs show the numbers of immunoreactive cells in the GCL. N = 10/group. Values are expressed as the mean +SD. *P <

0.05, *
test or Aspin-Welch’s t-test with Bonferroni correction.

Intracerebral LPS injection has previously been shown to increase
MDA levels and the GSSG/GSH ratio, which are both major oxidative
stress markers in the rat brain [50]. In the present study, LPS alone
increased cerebral MDA levels and the cerebral GSSG/GSH ratio
compared with the controls at PND 6, although the latter change was
non-significant. These results suggested that oxidative brain damage
was induced shortly after systemic LPS treatment. Although the
observed values were non-significantly different from those observed for
LPS alone, AGIQ restored cerebral MDA levels and the GSSG/GSH ratio
at PND 6, suggesting an antioxidant effect that provides neuroprotection
against LPS-induced brain damage. LPS alone also upregulated Keapl
and Nfe2l2 in the hippocampal formation on PND 6. Keapl encodes
Kelch-like ECH-associated protein 1 (KEAP1), which acts as a cysteine
thiol-rich sensor of redox insults, whereas Nfe2l2 encodes nuclear factor
erythroid 2-related factor 2 (NRF2), which is a transcription factor that
robustly transduces chemical signals to regulate a battery of
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“*P < 0.01, significantly different from the controls by Student’s t-test or Aspin-Welch’s t-test. /P < 0.05, significantly different from the LPS alone by Dunnett’s

cytoprotective genes [51]. KEAP1 represses NRF2 activity under quies-
cent conditions; however, NRF2 is liberated from KEAP1-mediated
repression upon exposure to various stresses [51], and NRF2 activa-
tion skews macrophage polarization toward an M2 phenotype, exerting
anti-inflammatory effects [52]. Therefore, the activation of the
KEAP1-NRF2 system shortly after neonatal LPS treatment suggests the
activation of a cellular defense against oxidative stress, moving toward
an anti-inflammatory phenotype, which is observed at weaning. The
MDA level and the GSSG/GSH ratio reverted to control levels at wean-
ing, even after neonatal LPS treatment.

In the present study, LPS alone decreased NeuN™ cells in the SGZ and
GCL, representing both immature and mature granule cells [11], and
downregulated the expression of Rbfox3, which encodes NeuN, in the
dentate gyrus at PND 21. These animals did not present altered numbers
of TUBB3™ cells, which represent immature granule cells [36], and the
transcript levels of Tubb3 and Dpysl3, which are marker genes of
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Transcript-level expression changes of inflammation and oxidative stress-related genes in the hippocampal formation or dentate gyrus in male pups.

Control LPS alone

LPS + 0.25% AGIQ LPS + 0.5% AGIQ

Relative transcript level normalized to

Gapdh Hprtl Gapdh Hprtl Gapdh Hprtl Gapdh Hprtl
PND 6
Chemical mediators and related markers
lila 1.32 + 1.04 1.17 +£ 0.73 13.43 + 3.99" 10.29 + 1.65" 5.06 + 1.67¢ 4.21 + 1.52¢ 7.03 + 2.18¢ 6.11 + 2.48°
11b 1.46 + 1.47 1.34 +1.21 40.30 + 19.04" 33.86 + 12.96” 11.64 + 5.95¢ 10.34 + 4.41¢ 14.05 + 8.24° 14.12 + 9.69°
14 1.02 £ 0.21 1.02 + 0.24 1.36 + 0.36 1.23 £ 0.31 1.21 +0.38 1.03 £ 0.25 1.12+0.13 0.97 £ 0.21
16 1.25 £ 0.96 1.22 + 0.74 3.33 + 1.66" 2.56 + 1.35 2.30 £ 1.56 1.87 £1.27 251 £1.57 243 +£1.85
Nfkb1 1.11 £ 0.51 1.07 + 0.34 2.28 + 0.87¢ 1.73 £ 0.37 1.57 £ 0.25 1.30 £ 0.21 1.55 + 0.32 1.32 +£ 0.39
Tgfbl 1.09 + 0.42 1.13 + 0.54 1.92 + 0.62" 1.48 £ 0.35 1.81 +£0.76 1.54 + 0.67 1.70 + 0.30 1.45 +£ 0.39
Tnf 1.05 £+ 0.35 1.06 + 0.40 2.46 + 1.15" 1.86 + 0.61° 1.56 + 0.48 1.28 £ 0.36 1.48 +£0.37 1.28 + 0.47
Oxidative stress-related markers
Cat 1.17 £ 0.68 1.26 + 0.93 1.58 £ 1.01 1.29 £ 0.93 1.33 £ 0.49 1.10 +£ 0.44 1.10 + 0.69 0.95 £+ 0.61
Gpx1 1.09 + 0.53 1.06 + 0.37 298 £+ 3.01 2.49 £+ 2.59 2.01 £0.99 1.71 £ 0.89 1.59 +£1.38 1.30 £1.01
Hmox1 1.11 £ 0.45 1.12 + 0.43 1.22 + 0.09 1.03 £ 0.15 1.60 + 0.36 1.31 £ 0.23 1.39 £ 0.19 1.20 + 0.38
Keapl 1.15 + 0.52 1.15 + 0.45 2.04 + 0.74" 1.56 + 0.36 1.46 + 0.29 1.20 £ 0.17 1.50 + 0.27 1.29 + 0.42
Nfe2l2 1.13 £ 0.52 1.13 + 0.46 2.68 + 1.25" 2.03 + 0.67° 1.65 + 0.42 1.36 £ 0.37 1.56 + 0.36° 1.37 £ 0.59
Mt1 1.06 + 0.37 1.06 + 0.33 2.00 £ 1.08 1.50 + 0.52 1.93 + 0.59 1.57 +0.38 1.84 £ 0.46 1.63 + 0.75
Sod1 1.02 £ 0.23 1.02 + 0.21 1.33 £ 0.32 1.09 + 0.38 1.10 £ 0.16 0.92 + 0.19 1.03 + 0.24 0.87 + 0.27
PND 21
Chemical mediators and related markers
Illa 1.19 £+ 0.69 1.21 + 0.69 2.67 +0.77° 2.61 + 1.05" 1.74 £ 0.45 1.79 +£ 0.55 2.53 £1.82 2.19 £ 1.26
I1b 1.12 £ 0.51 1.13 + 0.58 231 £1.24 2.20 +£1.25 2.08 £1.33 2.08 +1.18 2.38 £ 2.35 1.97 £ 1.61
14 1.01 £0.19 1.02 + 0.23 1.03 £ 0.16 0.96 + 0.16 1.04 +£0.23 1.11 £ 0.31 0.95 £ 0.12 1.01 £0.17
16 1.01 £ 0.18 1.01 + 0.14 1.04 + 0.40 1.01 £ 0.46 091 £0.17 0.94 + 0.26 1.00 + 0.21 0.95 £+ 0.40
Nfkb1 1.00 + 0.05 1.00 + 0.09 1.02 + 0.22 0.99 + 0.30 0.92 £ 0.10 0.96 + 0.25 1.18 £ 0.51 1.08 + 0.48
Tgfbl 1.37 £1.10 1.30 + 0.97 1.38 £ 0.67 1.38 £ 0.82 1.71 £ 1.14 1.64 £ 0.93 1.74 £ 1.40 1.57 £ 1.06
Tnf 1.05 £ 0.40 1.03 + 0.29 1.25 + 0.43 1.24 £ 0.63 1.26 + 0.50 1.34 +£ 0.67 1.44 + 0.48 1.36 + 0.68
Oxidative stress-related genes
Cat 1.00 + 0.09 1.01 + 0.14 1.11 + 0.37 1.08 +0.43 1.05 + 0.18 1.10 +£ 0.32 1.08 + 0.38 1.03 + 0.58
Gpx1 1.02 £ 0.24 1.01 +£0.17 1.02 £ 0.21 0.97 £ 0.23 1.05 +£ 0.22 1.06 £ 0.12 1.07 £ 0.17 1.01 £0.37
Gpx2 1.02 + 0.21 1.01 +0.14 1.32 + 0.68 1.28 +£ 0.68 1.17 + 0.49 1.24 + 0.60 1.27 £ 0.60 1.21 + 0.83
Gpx4 1.03 £ 0.29 1.02 + 0.24 1.04 £ 0.19 0.99 + 0.12 0.89 £0.18 0.90 £+ 0.09 0.96 £+ 0.20 0.90 £+ 0.35
Hmox1 1.01 £ 0.20 1.01 £ 0.16 1.03 £ 0.18 0.99 £+ 0.23 0.83 £0.11 0.86 +£ 0.17 1.03 £ 0.33 0.97 +£ 0.50
Keapl 1.01 £ 0.11 1.01 + 0.12 1.00 + 0.10 0.95 + 0.13 1.07 + 0.40 1.12 + 0.53 0.93 £0.12 0.86 + 0.17
Mtl 1.01 £ 0.13 1.00 + 0.04 1.12 + 0.34 1.10 £ 0.45 0.96 £+ 0.18 0.99 + 0.23 0.93 £ 0.26 0.85 + 0.26
Mt2a 1.07 £ 0.37 1.05 + 0.31 0.84 £ 0.21 0.82 + 0.29 0.76 £ 0.19 0.76 + 0.15 0.81 £+ 0.46 0.80 £+ 0.65
Ngol 1.02 £ 0.23 1.01 +0.16 1.06 + 0.14 1.00 £ 0.12 0.88 £ 0.17 0.89 +£0.13 1.03 £ 0.23 0.98 + 0.41
Nfez2l2 1.03 £ 0.27 1.01 + 0.20 1.06 + 0.23 1.02 £ 0.25 0.95 £+ 0.09 0.97 £ 0.11 1.09 + 0.23 1.01 + 0.34
Sod1 1.02 £ 0.23 1.01 +0.18 1.07 + 0.32 1.01 £ 0.20 0.87 £0.17 0.88 +£ 0.14 0.98 £ 0.18 0.91 + 0.29
Sod2 1.02 £ 0.22 1.01 +0.17 1.03 +£ 0.14 0.98 +£0.11 1.04 £ 0.10 1.07 £ 0.13 1.23 £ 0.35 1.18 +£ 0.58
Txnl 1.03 £ 0.26 1.02 + 0.21 1.10 + 0.23 1.04 £ 0.15 1.00 + 0.19 1.01 £ 0.16 1.05 £+ 0.20 0.98 + 0.33
PND 77
Chemical mediators and related markers
Illa 1.19 £ 0.55 1.25 + 0.66 2.47 +0.76" 2.32 + 0.42° 2.03 £ 0.69 2.32 +£1.02 2.02 £ 0.65 2.16 +£1.08
11b 1.06 + 0.44 1.12 + 0.63 1.45 + 0.37 1.38 +£ 0.32 2.29 +£1.49 2.47 £ 1.65 1.66 + 0.90 1.94 + 1.40
14 1.02 £ 0.22 1.04 +0.32 1.12 £ 0.39 1.04 £ 0.27 1.25 + 0.39 1.26 £ 0.36 1.01 + 0.24 1.02 £ 0.31
16 1.25 £+ 0.32 1.27 +0.38 1.14 £ 0.19 1.13 £ 0.36 1.09 + 0.44 1.29 £ 0.78 1.04 £+ 0.54 1.05 + 0.44
Tgfbl 1.02 + 0.20 1.05 + 0.34 1.34 £ 0.51 1.25 + 0.27 1.12 + 0.30 1.24 £ 0.37 1.18 +£ 0.24 1.23 + 0.46
Tnf 1.03 £ 0.26 1.05 + 0.35 1.41 £ 0.57 1.30 £ 0.25 1.23 +£0.14 1.37 £ 0.28 1.62 + 0.86 1.58 + 0.68

Abbreviations: AGIQ, alpha-glycosyl isoquercitrin; Cat, catalase; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Gpx1, glutathione peroxidase 1; Gpx2, gluta-
thione peroxidase 2; Gpx4, glutathione peroxidase 4; Hmox1, heme oxygenase 1; Hprtl, hypoxanthine phosphoribosyltransferase 1; Il1a, interleukin 1 alpha; Il1b,
interleukin 1 beta; Il4, interleukin 4; 116, interleukin 6; Keap1, Kelch-like ECH-associated protein 1; LPS, lipopolysaccharides; Mt1, metallothionein 1; Mt2a, metal-
lothionein 2A; Nfe2l2, nuclear factor, erythroid 2-like 2 (also known as NRF2: nuclear factor erythroid 2-related factor 2); Nfkb1, nuclear factor kappa B subunit 1;
Ngol, NAD(P)H quinone dehydrogenase 1; Sod1, superoxide dismutase 1; Sod2, superoxide dismutase 2; Tgfb1, transforming growth factor, beta 1; Tnf, tumor necrosis

factor; Txnl, thioredoxin 1.
Data are expressed as the mean + SD. N = 6/group.
2 P <0.05.

> p < 0.01, significantly different from the controls by Student’s t-test or Aspin-Welch’s t-test.

¢ P <0.05.

4 P < 0.01, significantly different from the LPS alone by Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction.

immature granule cells [53], remained unchanged. TUNEL" apoptotic
cells increased in the SGZ but not in the GCL, which suggested that
neonatal LPS treatment targeted the differentiation of immature granule
cells in the SGZ, inducing apoptotic death and resulting in reduced
mature granule cell populations at weaning. By contrast, at PND 77, LPS
alone decreased the populations of DCX" and TUBB3™ cells and reduced
the transcript level of Tubb3, whereas the numbers of TBR2™ cells, which
represent type-2b NPCs [11], remained unchanged and NeuN™ cell
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numbers recovered to the control level. These results suggested that
neonatal LPS treatment decreased the numbers of type-3 NPCs and
immature granule cells during adulthood. The increase in PCNA' SGZ
cells observed at PND 77 suggested the compensatory proliferation of
granule cell lineages. In the literature, the cell populations in granule
cell lineages targeted by developmental LPS treatment are not consistent
across the timing of LPS treatment or analysis, and effects in different
subpopulations have been reported [5]. Differences in the targeted cells



H. Okano et al. Chemico-Biological Interactions 351 (2022) 109767

Table 2
Transcript-level expression changes of neurogenesis-related genes in the hippocampal dentate gyrus in male pups on PND 21.

Control LPS alone LPS + 0.25% AGIQ LPS + 0.5% AGIQ

Relative transcript level normalized to

Gapdh Hprtl Gapdh Hprtl Gapdh Hprtl Gapdh Hprtl
Granule cell lineage markers
Nes 1.02 +£0.21 1.04 +0.34 1.23 £0.30 1.15 £ 0.35 1.11 £0.33 1.03 £0.37 0.98 +0.11 1.02 £ 0.19
Sox2 1.05 + 0.42 1.04 + 0.34 0.95 £+ 0.28 0.89 + 0.20 0.91 £ 0.37 0.90 £+ 0.29 0.90 £+ 0.15 0.82 +£0.11
Eomes 1.02 £ 0.21 1.02 + 0.22 1.26 + 0.50 1.23 £ 0.57 1.24 +0.52 1.30 £ 0.62 1.44 £0.18 1.32 £0.28
Dcx 1.01 +£0.18 1.03 +£0.28 1.16 £ 0.28 1.13 £0.36 0.94 +0.21 0.98 +0.31 1.31 £0.21 1.21 £0.32
Dpysl3 1.01 +0.14 1.02 + 0.20 1.02 £ 0.15 0.98 £ 0.14 1.02 £ 0.12 1.06 + 0.25 1.25 £ 0.22 1.17 £ 0.38
Tubb3 1.01 £0.19 1.01 £0.18 0.83 +£0.11 0.80 + 0.17 0.95+0.11 0.98 + 0.24 0.99 + 0.20 0.94 + 0.38
Rbfox3 1.01 + 0.12 1.00 + 0.11 0.70 £ 0.16" 0.65 £ 0.15" 1.01 + 0.12° 0.93 £ 0.18° 0.94 £ 0.12° 0.97 +0.13¢
Cell proliferation marker
Pcna 1.03 £ 0.26 1.03 £ 0.24 0.99 +0.13 0.94 +0.12 0.94 +0.21 0.94 + 0.14 0.93 £+ 0.09 0.85 +0.17
Cell cycle-related genes
Cend1 1.01 £0.15 1.00 + 0.09 1.04 £0.15 1.00 £ 0.23 0.97 £ 0.15 1.01 £0.28 1.00 £ 0.16 0.93 +0.31
Ccnd2 1.02 + 0.19 1.02 + 0.24 1.29 +£ 0.24 1.24 £ 0.26 1.13+0.18 1.18 £ 0.35 1.26 £ 0.23 1.16 £ 0.27
Cdk1 1.04 £ 0.37 1.04 +0.32 1.32 £0.20 1.28 +£0.32 1.13 £ 0.67 1.15 £ 0.67 0.76 = 0.12 0.70 £ 0.19
Cdk2 1.01 £0.12 1.01 £0.15 1.07 £0.17 1.04 £0.31 0.98 = 0.05 1.01 £0.17 0.93 +£0.19 0.88 + 0.34
Chek1 1.06 + 0.36 1.06 + 0.39 1.35 £ 0.83 1.37 £1.07 0.91 +£0.45 0.96 + 0.52 0.79 +£ 0.23 0.72 +0.23
Tp53 1.01 +£0.14 1.01 £ 0.16 1.06 + 0.36 1.06 + 0.54 0.91 +0.15 0.96 + 0.29 1.04 £0.18 0.97 £ 0.31
Apoptosis-related genes
Bak1 1.01 £0.18 1.01 £0.18 0.96 + 0.23 0.94 +0.33 0.89 +0.13 0.93 +0.23 0.99 + 0.27 0.93 + 0.44
Bax 1.01 +0.19 1.01 +0.17 1.02 £ 0.13 0.97 £ 0.12 0.89 £ 0.13 0.91 £ 0.17 0.96 + 0.14 0.89 + 0.27
Bcl2 1.02 +£0.18 1.01 +£0.18 0.98 + 0.30 0.97 + 0.39 0.87 = 0.20 0.92 +0.31 0.98 + 0.21 0.92 + 0.36
Caspl 1.01 £0.18 1.01 +£0.18 0.94 +£0.17 0.91 +0.29 0.94 +£0.12 0.97 £0.18 1.02 £ 0.20 0.95 +0.35
Casp3 1.11 + 0.52 1.15 + 0.62 2.82 £+ 2.02 2.87 +£2.43 1.75 £ 0.75 1.78 £ 0.80 0.98 + 0.41 0.94 + 0.47
Casp6 1.04 + 0.36 1.07 + 0.46 1.66 + 0.83 1.69 +£1.20 1.51 +£0.43 1.57 £ 0.61 1.26 +£0.37 1.18 £ 0.48
Casp8 1.00 + 0.08 1.00 + 0.07 1.05 £ 0.28 1.04 £ 0.47 0.97 +0.26 1.01 £0.34 1.10 £ 0.25 1.00 £+ 0.26
Casp9 1.02 + 0.19 1.02 +0.19 0.85 £ 0.10 0.82 £ 0.16 0.78 + 0.06 0.80 £ 0.17 0.87 +£0.24 0.81 + 0.32
Caspl2 1.05 + 0.39 1.03 + 0.30 1.13+£0.38 1.10 £ 0.47 1.05 + 0.38 1.11 £ 0.48 1.25 £ 0.33 1.15 £ 0.37
GABAergic interneuron markers
Calb1 1.01 £0.19 1.03 £ 0.26 0.86 = 0.20 0.81 +0.14 0.88 = 0.34 0.91 +0.40 1.35 + 0.35° 1.24 £0.37
Calb2 1.13 £ 0.65 1.14 + 0.67 1.06 £ 0.71 0.96 + 0.58 0.85 £ 0.16 0.89 £ 0.27 0.95 + 0.40 0.89 + 0.41
Pvalb 1.05 + 0.36 1.04 +0.30 0.69 = 0.19 0.66 + 0.17° 0.69 = 0.11 0.70 = 0.08 0.85 + 0.27 0.81 +0.38
Reln 1.01 £0.13 1.02 +0.23 0.92 + 0.24 0.89 + 0.28 0.75+0.15 0.78 = 0.22 1.03 £0.30 0.97 = 0.46
Sst 1.06 + 0.40 1.05 + 0.35 0.99 £+ 0.17 0.95 + 0.24 0.83 £ 0.07 0.86 + 0.18 1.00 + 0.32 0.95 + 0.47
Cholinergic receptors
Chrm1 1.01 +£0.14 1.01 +£0.19 0.89 + 0.09 0.83 +£0.13 0.88 £ 0.11 0.81 +£0.17 0.92 + 0.08 0.98 + 0.05
Chrm2 1.02 + 0.20 1.03 £ 0.25 1.12+0.28 1.03 £0.17 1.31 £ 0.26 1.21 £ 0.34 0.91 £ 0.27 0.95 + 0.20
Chrna7 1.02 £ 0.21 1.01 +0.15 1.01 £ 0.14 0.94 £ 0.10 1.12 £ 0.11 1.02 £ 0.11 1.11 £ 0.20 1.18 + 0.16¢
Chrnb2 1.00 + 0.09 1.01 +£0.19 1.00 + 0.09 0.93 +0.13 1.10 £ 0.09 1.01 £0.19 0.95+0.13 1.01 £+ 0.06
Dopaminergic receptor
Drd2 1.03 + 0.28 1.04 + 0.34 1.18 £ 0.20 1.10 £ 0.18 1.61 + 0.94 1.43 £0.73 0.69 + 0.10¢ 0.73 + 0.08°
Glutamatergic receptors and glutamate transporters
Grial 1.00 + 0.08 1.01 +£0.14 0.92 +0.19 0.90 + 0.30 0.74 +£0.19 0.77 £ 0.28 1.10 £ 0.40 1.05 £ 0.57
Gria2 1.00 + 0.10 1.01 +£0.17 0.83 +0.13° 0.79 £ 0.18 0.71 £ 0.18 0.74 £ 0.23 1.05 £ 0.21 0.98 + 0.34
Gria3 1.01 £ 0.16 1.02 £ 0.18 0.85 + 0.14 0.83 + 0.25 0.71 £ 0.16 0.73 +£ 0.22 0.99 + 0.31 0.94 + 0.44
Grin2a 1.03 £ 0.26 1.03 +£0.28 0.82 + 0.24 0.81 = 0.36 0.78 £ 0.15 0.80 = 0.22 0.96 = 0.31 0.92 +0.49
Grin2b 1.01 +£0.18 1.02 £ 0.21 0.80 £ 0.16 0.78 £ 0.25 0.73 £0.14 0.76 £ 0.23 1.04 £ 0.36 0.99 + 0.54
Grin2d 1.02 £ 0.21 1.01 £0.18 0.93 + 0.14 0.86 + 0.10 1.10 £ 0.25 1.00 £ 0.18 1.00 £+ 0.34 1.04 £ 0.26
Slc17a7 1.02 +0.20 1.03 £ 0.25 0.97 = 0.26 0.93 + 0.28 1.00 £ 0.23 1.04 £0.35 1.14 £0.23 1.07 £ 0.42
Synaptic plasticity-related genes
Arc 1.03 £ 0.27 1.03 £ 0.27 0.97 +£0.31 0.91 + 0.29 0.88 £ 0.16 0.81 +£0.18 0.72 + 0.29 0.77 £ 0.32
Fos 1.01 £ 0.16 1.01 +£0.14 0.93 +0.11 0.87 £ 0.10 1.02 £ 0.11 0.94 +0.17 0.82 +0.16 0.87 + 0.14
Jun 1.03 +£0.29 1.04 +£0.33 0.82 +0.17 0.76 = 0.19 1.02 £0.28 0.95 + 0.34 1.02 £ 0.22 1.08 £ 0.21
Mapk1 1.03 + 0.29 1.04 + 0.32 0.76 £ 0.15 0.72 £ 0.21 0.97 £ 0.22 0.91 £+ 0.32 1.00 + 0.36 1.08 £ 0.45
Mapk3 1.35 +£1.01 1.35 £ 0.90 0.72 + 0.44 0.68 + 0.41 1.12 £ 0.80 1.09 £+ 0.92 1.41 £1.03 1.58 +£1.27
Ptgs2 1.04 +£0.29 1.03 £ 0.29 0.77 £ 0.10 0.71 + 0.08" 1.16 + 0.28° 1.07 + 0.33° 1.12 + 0.13° 1.19 + 0.18¢
Neurotrophic factor-related genes
Bdnf 1.01 +£0.11 1.02 +0.21 0.93 + 0.29 0.92 + 0.41 0.93+0.13 0.97 + 0.24 1.52 + 0.58¢ 1.46 + 0.84°
Cntf 1.01 +£0.14 1.01 +£0.17 0.99 +0.31 0.95 + 0.28 1.08 £0.13 1.11 £0.21 1.80 £+ 0.48 1.70 £+ 0.69
Ntrk1 1.11 £ 0.50 1.10 + 0.49 1.05 £ 0.36 1.02 £ 0.39 1.64 £ 0.62 1.70 £ 0.75 1.37 £0.32 1.27 £0.38
Ntrk2 1.01 +0.15 1.01 +0.14 0.91 £ 0.17 0.88 £ 0.23 0.81 £+ 0.09 0.84 + 0.19 0.90 £+ 0.23 0.85 + 0.36
DNA repair-related genes
Apex1 1.04 £ 0.36 1.03 +£0.28 0.95 + 0.05 0.91 +£0.18 0.87 £0.10 0.89 = 0.14 0.93 = 0.09 0.86 = 0.21
Brip1 1.01 + 0.16 1.01 +0.19 0.93 £ 0.35 0.91 £+ 0.43 0.90 £+ 0.25 0.94 £ 0.33 0.96 + 0.24 0.87 +£0.20
Erccl 1.01 +£0.18 1.02 +0.20 0.95+0.13 0.92 + 0.22 0.78 £ 0.11 0.81 +£0.21 0.95+0.16 0.90 + 0.34
Oggl 1.01 £ 0.16 1.01 +£0.17 0.99 + 0.08 0.95+0.21 0.93+0.11 0.97 + 0.24 1.03 £0.20 0.96 = 0.30

Abbreviations: AGIQ, alpha-glycosyl isoquercitrin; Apex1, apurinic/apyrimidinic endodeoxyribonuclease 1; Arc, activity-regulated cytoskeleton-associated protein;
Bak1, BCL2-antagonist/killer 1; Bax, BCL2 associated X, apoptosis regulator; Bcl2, BCL2, apoptosis regulator; Bdnf, brain-derived neurotrophic factor; Bripl, BRCA1
interacting protein C-terminal helicase 1; Calb1, calbindin 1 (also known as calbindin-D-28K); Calb2, calbindin 2 (also known as calbindin-D-29K and calretinin);
Casp1, caspase 1; Casp3, caspase 3; Casp6, caspase 6; Casp8, caspase 8; Casp9, caspase 9; Caspl2, caspase 12; Ccndl, cyclin D1; Ccnd2, cyclin D2; Cdk1, cyclin-
dependent kinase 1; Cdk2, cyclin-dependent kinase 2; Chek1, checkpoint kinase 1; Chrm1, cholinergic receptor, muscarinic 1; Chrm2, cholinergic receptor, musca-
rinic 2; Chrna7, cholinergic receptor nicotinic alpha 7 subunit; Chrnb2, cholinergic receptor nicotinic beta 2 subunit; Cntf, ciliary neurotrophic factor; Dcx,
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doublecortin; Dpysl3, dihydropyrimidinase-like 3 (also known as TUC4: TOAD-64/Ulip/CRMP protein 4b); Drd2, dopamine receptor D2; Eomes, eomesodermin (also
known as TBR2: T-box brain protein 2); Ercc1, ERCC excision repair 1, endonuclease non-catalytic subunit; Fos, Fos proto-oncogene, AP-1 transcription factor subunit;
Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Grial, glutamate ionotropic receptor AMPA type subunit 1; Gria2, glutamate ionotropic receptor AMPA type
subunit 2; Gria3, glutamate ionotropic receptor AMPA type subunit 3; Grin2a, glutamate ionotropic receptor NMDA type subunit 2A; Grin2b, glutamate ionotropic
receptor NMDA type subunit 2B; Grin2d, glutamate ionotropic receptor NMDA type subunit 2D; Hprtl, hypoxanthine phosphoribosyltransferase 1; Jun, Jun proto-
oncogene, AP-1 transcription factor subunit; LPS, lipopolysaccharides; Mapk1, mitogen activated protein kinase 1; Mapk3, mitogen activated protein kinase 3; Nes,
nestin; Ntrk1, neurotrophic receptor tyrosine kinase 1; Ntrk2, neurotrophic receptor tyrosine kinase 2 (also known as TrkB: tropomyosin receptor kinase B); Oggl, 8-
oxoguanine DNA glycosylase; Pcna, proliferating cell nuclear antigen; Ptgs2, prostaglandin-endoperoxide synthase 2 (also known as COX2: cyclooxygenase-2); Pvalb,
parvalbumin; Rbfox3, RNA binding fox-1 homolog 3 (also known as NeuN); Reln, reelin; Slc17a7, solute carrier family 17 member 7; Sox2, SRY-box transcription factor
2; Sst, somatostatin; Tp53, tumor protein p53; Tubb3, tubulin, beta 3 class III.
Data are expressed as the mean + SD. N = 6/group.

3 P <0.05.

b p < 0.01, significantly different from the controls by Student’s t-test or Aspin-Welch’s t-test.

¢ P<0.05.

4 P < 0.01, significantly different from the LPS alone by Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction.

Table 3
Transcript-level expression changes of neurogenesis-related genes in the hippocampal dentate gyrus in male pups on PND 77.

Control LPS alone LPS + 0.25% AGIQ LPS + 0.5% AGIQ

Relative transcript level normalized to

Gapdh Hprtl Gapdh Hprtl Gapdh Hprtl Gapdh Hprtl
Granule cell lineage markers
Nes 1.01 +0.18 0.91 £ 0.23 1.20 £ 0.17 1.05 + 0.27 1.23 £ 0.27 1.22 +0.33 1.21 +£0.23 1.14 + 0.47
Sox2 1.01 £0.16 1.01 £ 0.15 1.11 £ 0.25 1.09 + 0.36 1.03 £ 0.22 1.14 £ 0.31 0.96 £+ 0.22 0.99 £+ 0.29
Eomes 1.01 £0.15 1.01 £0.13 1.10 £ 0.32 1.03 £ 0.09 0.91 +£0.15 1.02 +£0.28 1.01 £0.32 1.00 £ 0.29
Dcx 1.01 + 0.15 1.03 £ 0.30 0.95 £+ 0.14 1.05 + 0.30 0.95 £+ 0.19 1.04 £ 0.19 1.00 + 0.19 1.03 + 0.33
Tubb3 1.01 £0.13 1.01 £ 0.19 0.66 + 0.24" 0.65 + 0.30" 0.95 + 0.15" 1.05 £+ 0.19 1.12 4+ 0.21°¢ 1.17 + 0.43"
Dpysl3 1.00 £ 0.10 1.03 £ 0.26 1.13 £ 0.42 1.06 + 0.22 0.94 +0.18 1.04 £ 0.19 1.00 + 0.27 1.06 £+ 0.25
Rbfox3 1.01 £0.14 1.03 £0.26 1.18 £ 0.37 1.11 £0.22 0.90 + 0.20 0.98 +£0.17 0.90 +£0.13 0.91 £0.19
GABAergic interneuron markers
Calb1 1.01 £0.19 1.03 £ 0.25 1.28 +£0.34 1.23 £0.38 1.17 £0.23 1.29 +£0.32 1.00 +0.19 1.02 £ 0.27
Calb2 1.00 £+ 0.08 1.01 £0.16 1.14 £ 0.21 1.10 £ 0.30 0.94 +0.21 1.05 £ 0.30 1.05 £ 0.22 1.13 +£0.23
Pvalb 1.02 £ 0.23 1.02 £+ 0.20 1.23 £ 0.21 1.11 + 0.29 0.99 £ 0.19 0.91 £ 0.29 1.11 + 0.34 0.95 + 0.42
Reln 1.01 £0.12 1.01 £0.13 1.00 £ 0.17 0.96 + 0.18 1.07 £ 0.14 1.20 £ 0.29 0.98 £+ 0.07 1.03 £ 0.29
Sst 1.02 £ 0.22 1.03 £0.25 1.08 + 0.30 1.03 £0.29 1.11 +£0.11 1.22 +£0.22 0.87 +£0.17 0.91 £ 0.29
Cholinergic receptors
Chrm1 1.01 £0.15 1.02 £+ 0.20 1.22 +0.28 1.17 £ 0.22 0.93 £0.19 1.01 £ 0.17 0.92 £0.18 0.93 £ 0.16
Chrm2 1.04 £0.31 1.04 £ 0.32 0.97 + 0.43 0.90 + 0.26 0.96 + 0.23 1.04 £ 0.21 1.36 £ 0.57 1.47 £0.92
Chrna7 1.03 £ 0.28 1.07 £ 0.40 1.21 +£0.37 1.13 +£0.17 0.82 +0.15" 0.90 +0.16 0.95 +0.10 1.05 +0.28
Chrnb2 1.01 £0.18 1.03 £ 0.26 1.09 + 0.43 1.02 + 0.23 1.00 £+ 0.19 1.09 + 0.19 1.12 £ 0.17 1.17 + 0.39
Dopaminergic receptors
Drd2 1.07 £ 0.47 1.06 + 0.40 1.17 £ 0.29 1.11 £0.19 1.35 £ 0.59 1.45 £ 0.41 1.24 + 0.56 1.34 + 0.86
Glutamatergic receptors
Grial 1.02 £ 0.21 1.04 £ 0.28 1.30 £ 0.38 1.23 £0.21 0.90 + 0.21° 0.97 +£0.18 0.96 £+ 0.15 0.97 £ 0.19
Gria2 1.03 £0.24 1.06 + 0.35 1.30 £ 0.43 1.23 £0.24 0.83 +0.22" 0.90 + 0.20 0.87 +0.13" 0.91 £ 0.29
Gria3 1.02 £ 0.21 1.03 £ 0.25 1.27 £ 0.42 1.20 £ 0.25 0.87 +0.18" 0.95+0.17 0.86 + 0.16" 0.90 £+ 0.30
Grin2a 1.02 £ 0.20 1.03 £ 0.24 1.27 £ 0.33 1.21 +£0.25 0.97 + 0.24 1.05 + 0.17 1.00 + 0.28 0.97 £+ 0.06
Grin2b 1.02 £ 0.21 1.04 £0.29 1.40 £+ 0.50 1.31 £0.24 1.02 +£0.24 1.11 +£0.23 1.02 +£0.23 1.02 £ 0.21
Synaptic plasticity-related genes
Arc 1.05 £ 0.31 1.04 £ 0.31 1.55 + 0.34" 1.49 4+ 0.37% 0.96 + 0.23° 1.05 + 0.25" 0.98 + 0.24° 0.97 + 0.16°
Fos 1.01 £0.15 1.02 £ 0.23 1.12 £ 0.21 1.08 +0.24 1.04 £ 0.19 1.13 £0.18 1.16 + 0.33 1.21 +£0.53
Mapk1 1.04 £0.28 1.06 + 0.36 1.20 £ 0.39 1.13 £0.21 0.95+0.10 1.06 £ 0.26 1.03 £0.14 1.05 £0.17
Mapk3 1.02 £ 0.21 1.05 £+ 0.35 1.35+ 0.42 1.26 £ 0.16 0.96 £ 0.15 1.08 + 0.30 0.98 £0.17 1.00 + 0.27
Neurotrophic factor-related genes
Bdnf 1.01 £0.14 1.03 £0.16 1.02 £ 0.23 0.97 £ 0.12 0.87 £ 0.16 0.95+0.13 0.83 £0.17 0.85 £ 0.25
Cntf 1.00 £ 0.11 1.02 £ 0.19 1.15 £ 0.13° 1.12 £ 0.29 1.16 £ 0.16 1.27 £ 0.19 1.17 £ 0.20 1.13 +£0.32
Ntrk1 1.09 £+ 0.08 1.06 + 0.10 1.11 £ 0.20 1.09 + 0.14 0.92 + 0.20 1.00 + 0.11 0.88 + 0.31 1.06 + 0.31
Ntrk2 1.01 £0.17 1.03 £ 0.18 1.19 £ 0.32 1.14 £ 0.31 0.78 + 0.20" 0.86 + 0.20 1.01 £0.26 1.05 + 0.33

Abbreviations: AGIQ, alpha-glycosyl isoquercitrin; Arc, activity-regulated cytoskeleton-associated protein; Bdnf, brain-derived neurotrophic factor; Calb1, calbindin 1
(also known as calbindin-D-28K); Calb2, calbindin 2 (also known as calbindin-D-29K and calretinin); Chrm1, cholinergic receptor, muscarinic 1; Chrm2, cholinergic
receptor, muscarinic 2; Chrna7, cholinergic receptor nicotinic alpha 7 subunit; Chrnb2, cholinergic receptor nicotinic beta 2 subunit; Cntf, ciliary neurotrophic factor;
Dcx, doublecortin; Dpysl3, dihydropyrimidinase-like 3 (also known as TUC4: TOAD-64/Ulip/CRMP protein 4b); Drd2, dopamine receptor D2; Eomes, eomesodermin
(also known as TBR2: T-box brain protein 2); Fos, Fos proto-oncogene, AP-1 transcription factor subunit; Gapdh, glyceraldehyde-3-phosphate dehydrogenase; Grial,
glutamate ionotropic receptor AMPA type subunit 1; Gria2, glutamate ionotropic receptor AMPA type subunit 2; Gria3, glutamate ionotropic receptor AMPA type
subunit 3; Grin2a, glutamate ionotropic receptor NMDA type subunit 2A; Grin2b, glutamate ionotropic receptor NMDA type subunit 2B; Hprt1, hypoxanthine phos-
phoribosyltransferase 1; LPS, lipopolysaccharides; Mapk1, mitogen activated protein kinase 1; Mapk3, mitogen activated protein kinase 3; Nes, nestin; Ntrk1, neu-
rotrophic receptor tyrosine kinase 1; Ntrk2, neurotrophic receptor tyrosine kinase 2 (also known as TrkB: tropomyosin receptor kinase B); Pvalb, parvalbumin; Rbfox3,
RNA binding fox-1 homolog 3 (also known as NeuN); Reln, reelin; Sox2, SRY-box transcription factor 2; Sst, somatostatin; Tubb3, tubulin, beta 3 class III.
Data are expressed as the mean + SD. N = 6/group.

# P < 0.05, significantly different from the controls by Student’s t-test or Aspin-Welch’s t-test.

> P <0.05.

¢ P < 0.01, significantly different from the LPS alone by Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction.
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Fig. 8. The results of the oxidative stress measurement in the brain of male pups at postnatal day (PND) 6 and PND 21. N
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(B) GSSG/GSH ratio
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(cerebrum) (hippocampus)
0.16 - 0.16 -
0.08 i 0.08 -
ﬁ Nial Hul
Ctrl LPS 0.25 0.5 Ctrl LPS 0.25 0.5
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= 7/group. Values are expressed as the

mean +SD. *P < 0.05, significantly different from the controls by Student’s t-test or Aspin-Welch’s t-test. /P < 0.05, significantly different from the LPS alone by

Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction.

reported across different studies may reflect the complex effects of
concurrent, long-lasting, progressive damage and the compensatory
neurogenic responses following developmental LPS treatment. Howev-
er, LPS-induced pro-inflammatory responses and oxidative stress were
generally terminated by PND 21 in the present study. Maternal LPS
treatment has been reported to damage the molecular mechanisms that
control development, causing long-term or irreversible changes in
function [54]. LPS may have caused the progressive disruption of neu-
rogenesis due to impaired developmental processes in the neurogenic
regulatory system during early postnatal life.

In the current study, LPS-induced disruption in neurogenesis at both
PND 21 and PND 77 were restored by AGIQ treatment. AGIQ treatment
started before LPS treatment rescued almost all early neuro-
inflammation and oxidative stress caused by LPS treatment, likely
through antioxidant effects, and prevented subsequent effects on neu-
rogenesis and behavior. In accordance with the present study results, the
maternal administration of the antioxidant N-acetyl-L-cysteine or zinc
salts starting before LPS treatment inhibited the production of TNF-a, IL-
6, and IL-10 and prevented the development of local inflammation in the
fetal brain, which abolished the long-term negative consequences of
inflammation [55,56].

In the present study, AGIQ treatment increased the populations of
granule cells immunoreactive for the IEG protein FOS [57] or the IEG
regulator p-ERK1/2 [41] on PND 21. The increased expression of IEGs in
hippocampal neurons plays a critical role in neuroplasticity and memory
consolidation processes [58]. ERK1/2 can also be rapidly activated by
phosphorylation in response to acute stimuli, inducing IEGs to partici-
pate in the facilitation of synaptic plasticity [59]. We previously re-
ported that continuous AGIQ exposure starting during developmental
stages in normal animals facilitates fear extinction learning in contextual
fear conditioning tests and enhances synaptic plasticity mediated by FOS
and p-ERK1/2 in the dentate gyrus and medial frontal cortex [27,28].
Therefore, continuous AGIQ treatment in this study likely exerts neu-
roprotective functions against LPS-induced detrimental effects, leading
to the facilitation of synaptic plasticity. It is now understood that the
biological actions of naturally occurring antioxidants, such as flavo-
noids, within the nervous system are not due to their classical antioxi-
dant effects [60], but rather through their potential for interaction with
intracellular signaling to protect vulnerable neurons, enhance existing
neuronal function, stimulate neuronal regeneration, and induce neuro-
genesis [60,61].

We found, however, increased populations of granule cells immu-
noreactive for ARC, which is an IEG protein [42], or FOS following
treatment with LPS alone and in both of the LPS + AGIQ groups on PND
77. We also found sustained increases or trends for increase in the
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transcript levels of Il1a and Il1b after treatment with LPS alone, and
AGIQ treatment did not restore the expression of Il1a and I11b compared
with the LPS alone at either PND 21 or PND 77. IL-1a and IL-1p are key
molecules in the inflammatory responses elicited during infection and
injury. IL-1p has been shown to exert local effects on synaptic plasticity
by binding to IL-1 receptors, which are expressed at high levels in the
hippocampus [62]. IL-1p was found to exert variable effects on
long-term potentiation at different synapse types, indicating that IL-1p
has synapse-specific effects on hippocampal synaptic plasticity [62].
Although the functional role of IL-1a at synapses has not been well
examined, one study reported the facilitation of long-term memory
extinction by IL-1a in mice [63]. Therefore, animals that are neonatally
exposed to LPS may demonstrate enhanced synaptic plasticity during
the adult stage due to the sustained release of IL-1a and IL-1p. Because
synaptic plasticity-related proteins on PND 77 in this study were
examined in animals 90 min after the last behavioral test trials, any
observed increases in ARC" or FOS™ cells may be due to behavioral
stimulus-related responses, as previously reported [28]. However, AGIQ
treatment did not further modify the numbers of these immunoreactive
cells, which suggests the spontaneous amelioration of synaptic plasticity
at the adult stage after neonatal LPS treatment.

In the present study, LPS alone reduced the populations of PVALB™
and GAD67" interneurons in the dentate gyrus hilus and downregulated
Pvalb in the dentate gyrus at PND 21 compared with the controls.
GABAergic interneurons have been reported to promote neurogenesis,
with basket cells and axo-axonic cells suggested as probable candidates
[64]. The major populations of basket cells and axo-axonic cells are
PVALB™ interneurons in the dentate gyrus [12], and decreased PVALB™
interneuron signaling may result in the suppression of neurogenesis. We
previously identified the disruption of hippocampal neurogenesis,
which was associated with a decrease in PVALB" interneuron pop-
ulations due to Pvalb promoter region hypermethylation following
maternal exposure to manganese in mice [65]. These results suggested
that neonatal LPS treatment may primarily target Pvalb, disrupting
neurogenesis on PND 21. GAD67 is a rate-limiting enzyme responsible
for greater than 90% of GABA production [66], and a subpopulation of
GABAergic interneurons expresses this enzyme [67]. The observed
decrease in GAD67" interneurons in the present study suggested that
neonatal LPS treatment targets GABAergic interneurons, which may be
partly due to the decrease in the PVALB™ population.

In the present study, high-dose AGIQ treatment upregulated Bdnf in
the dentate gyrus at PND 21 compared with LPS alone, although Bdnf
levels did not change between the controls and LPS alone. High-dose
AGIQ treatment also restored LPS-induced decreases in the PVALB™
interneuron populations. Brain-derived neurotrophic factor (BDNF) is
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produced by mature granule cells in the dentate gyrus [68] and has been
reported to stimulate the maturation of PVALB™ interneurons and the
firing of action potentials [69]. Therefore, AGIQ treatment may have
resulted in the recovery of PVALB™ interneurons through the compen-
satory enhancement of BDNF signaling by mature granule cells, the
population of which is reduced by neonatal LPS treatment.

In the USV test at PND 10 in the present study, LPS alone decreased
the values of USV parameters, similar to the findings of a previous study
examining neonatal LPS treatment [8], which suggested that commu-
nicative deficits were induced after the rapid induction of neuro-
inflammation. ASD is characterized by deficits in social communication,
as previously mentioned, and immune dysregulation and neuro-
inflammation are important components of ASD [4]. USV involves a
wide neural network, spanning from the forebrain to the brainstem [70],
which suggests that LPS-induced ASD-like communicative abnormalities
may be caused by acute neuroinflammation that involves broad brain
areas, as observed in a previous study [8]. In the present study, AGIQ
treatment abolished the decrease in USVs and suppressed hippocampal
neuroinflammation during early postnatal life, which suggested an
antioxidant-mediated = neuroprotective  effect  against acute
pro-inflammatory responses across broad areas of the developing brain.
Similarly, during the adolescent stage, LPS alone caused a decrease in
the interest in novel animals and reduced exploratory behavior, without
observed reductions in locomotor activity during the social interaction
test, which suggested the induction of ASD-like social deficits. High-dose
AGIQ treatment recovered or showed a recovering trend for these
various test parameters. Hippocampal neurogenesis is disrupted in ASD
models, including LPS-induced models [5], and the present study also
revealed LPS-induced disruptions in neurogenesis, which was amelio-
rated by AGIQ treatment during both weaning and adult stages. The
brain regions implicated in this social behavior include the striatum, the
CA2 region of the hippocampus, cerebral cortex, and amygdala [71].
Therefore, the antioxidant and neuroprotective effects of AGIQ treat-
ment against LPS-induced acute pro-inflammatory responses across the
developing brain regions may be critical for the prevention of ASD-like
social deficits.

In the contextual fear conditioning test during the adolescent stage of
this study, LPS alone showed a decreasing trend in the rate of freezing
time at the fear acquisition and a decrease in the rate of freezing time at
the first trial of fear extinction, which likely reflects suppressed fear
acquisition. The hippocampal dentate gyrus plays a critical role in
memory acquisition, and the ablation or silencing of adult-born granule
cells impairs memory acquisition during contextual fear conditioning
[72]. In the present study, LPS alone reduced mature granule cell pop-
ulations at weaning, which suggests a causal relationship between the
reduction of functionally active granule cell population and the
impairment of memory acquisition. Although high-dose AGIQ treatment
was effective for the recovery of mature granule cells, AGIQ treatment
did not ameliorate the LPS-induced impairment in fear acquisition.
However, the slope of the rate of freezing time during the fear memory
extinction stage in the LPS + AGIQ groups was similar to that observed
in controls, suggesting unaltered fear extinction learning ability. In
addition to the hippocampal dentate gyrus, the medial prefrontal cortex
and amygdala are involved in the acquisition, consolidation, mainte-
nance, and extinction of fear memories [73], and the mechanism of
AGIQ action on fear learning may involve the complex regulation of
these brain regions. Similar to the adolescent stage, LPS alone reduced
the rate of freezing time at the fear acquisition and also at the first trial of
fear extinction in the adult stage, the latter likely reflects the suppression
of fear acquisition. LPS alone also targeted type-3 NPCs and immature
granule cells involved in hippocampal neurogenesis at the adult stage,
suggesting a relationship between these cells and the disruption of fear
memory acquisition. AGIQ treatment effectively ameliorated both fear
memory acquisition and hippocampal neurogenesis, suggesting a
reflection of the suppression of neuroinflammation during the early
stages of LPS treatment due to the anti-inflammatory and antioxidant
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effects of AGIQ.
5. Conclusion

Neonatal LPS treatment induced acute pro-inflammatory responses
in the brain that were associated with oxidative stress and triggered
communicative deficits in neonatal rats. Although the neuro-
inflammatory profile shifted to an anti-inflammatory phenotype, LPS-
exposed animals revealed disruptions in hippocampal neurogenesis at
weaning and altered social interactions and fear memory deficits during
the adolescent stage. During adulthood, LPS-induced neuro-
inflammatory responses disappeared; however, detrimental effects in
neurogenesis and fear memory were sustained. Continuous AGIQ
treatment, starting during late gestation, suppressed LPS-induced acute
pro-inflammatory responses during infancy and prevented the expres-
sion of subsequent deficits in neurogenesis and behavior throughout the
adult stage. Thus, neonatal LPS treatment induced acute and transient
pro-inflammatory responses, resulting in the progression of ASD-like
behaviors and disrupting hippocampal neurogenesis. AGIQ treatment
may be able to ameliorate progressive changes in behaviors and neu-
rogenesis by critically suppressing LPS-induced pro-inflammatory re-
sponses and oxidative brain damage.
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