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Continuous exposure to α-glycosyl isoquercitrin from developmental 
stages to adulthood is necessary for facilitating fear extinction 
learning in rats
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Abstract: We previously reported that exposure to α-glycosyl isoquercitrin (AGIQ) from the fetal stage to adulthood facilitated fear 
extinction learning in rats. The present study investigated the specific AGIQ exposure period sufficient for inducing this behavioral 
effect. Rats were dietarily exposed to 0.5% AGIQ from the postweaning stage to adulthood (PW-AGIQ), the fetal stage to postweaning 
stage (DEV-AGIQ), or the fetal stage to adulthood (WP-AGIQ). Fear memory, anxiety-like behavior, and object recognition memory 
were assessed during adulthood. Fear extinction learning was exclusively facilitated in the WP-AGIQ rats. Synaptic plasticity-related 
genes showed a similar pattern of constitutive expression changes in the hippocampal dentate gyrus and prelimbic medial prefrontal 
cortex (mPFC) between the DEV-AGIQ and WP-AGIQ rats. However, WP-AGIQ rats revealed more genes constitutively upregulated 
in the infralimbic mPFC and amygdala than DEV-AGIQ rats, as well as FOS-immunoreactive(+) neurons constitutively increased in 
the infralimbic cortex. Ninety minutes after the last fear extinction trial, many synaptic plasticity-related genes (encoding Ephs/Eph-
rins, glutamate receptors/transporters, and immediate-early gene proteins and their regulator, extracellular signal-regulated kinase 
2 [ERK2]) were upregulated in the dentate gyrus and amygdala in WP-AGIQ rats. Additionally, WP-AGIQ rats exhibited increased 
phosphorylated ERK1/2+ neurons in both the prelimbic and infralimbic cortices. These results suggest that AGIQ exposure from the 
fetal stage to adulthood is necessary for facilitating fear extinction learning. Furthermore, constitutive and learning-dependent upregu-
lation of synaptic plasticity-related genes/molecules may be differentially involved in brain regions that regulate fear memory. Thus, 
new learning-related neural circuits for facilitating fear extinction can be established in the mPFC. (DOI: 10.1293/tox.2020-0025; J 
Toxicol Pathol 2020; 33: 247–263)
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Introduction

Alpha-glycosyl isoquercitrin (AGIQ), also known as 
enzymatically modified isoquercitrin, is a polyphenolic fla-
vonol glycoside derived by the enzymatic glycosylation of 
rutin, which is found in several plant species such as buck-
wheat (Fagopyrum esculentum Moench), rue (Ruta graveo-
lens L.), and Japanese pagoda tree (Sophora japonica L.)1. 
AGIQ is a mixture of quercetin glycoside, consisting of 
isoquercitrin and its α-glucosylated derivatives, with 1–10 
or more additional linear glucose moieties1. AGIQ is highly 
water soluble and has antioxidant potential1, 2. AGIQ has 
been reported to exert antioxidant effects3 and to have anti-
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inflammatory3, anti-hypertensive4, anti-allergic5, and tumor 
suppressive6 properties. It has been found to be safe in a 90-
day toxicity study7 and in genotoxicity assays8.

Recently, we reported that continuous exposure to 0.5% 
AGIQ in the diet from the fetal period through adulthood 
in rats facilitated fear extinction learning on the contextual 
fear conditioning test. Additionally, it facilitated the adult 
transcript upregulation of Fos, which encodes Fos proto-
oncogene, AP-1 transcription factor subunit (FOS); Kif21b, 
which encodes kinesin family member 21B (KIF21B) in the 
hippocampal dentate gyrus; and Grin2d, which encodes glu-
tamate ionotropic receptor N-methyl-D-aspartate (NMDA) 
-type subunit 2D (GRIN2D) in the amygdala9. AGIQ also 
increased the number of FOS-immunoreactive(+) hippocam-
pal granule cells. Fos is one of the immediate-early genes 
(IEGs) involved in the synaptic plasticity of hippocampal 
granule cells10. Moreover, GRIN2D is known to function 
in enhancing synaptic plasticity associated with long-term 
memory11. These results suggest that the increases in FOS+ 
cells and Grin2d transcripts are associated with enhanced 
synaptic plasticity, which leads to the facilitation of fear ex-
tinction learning. Additionally, KIF21B was recently identi-
fied as a memory-rewriting molecule12 that is found in the 
hippocampal dentate gyrus, which suggests a relationship 
with facilitation of fear memory extinction. However, in our 
previous study, changes were found in the constitutive levels 
of gene expression and numbers of immunoreactive cells in 
animals that were not subjected to behavioral tests. Thus, 
learning-mediated neuronal cellular responses require fur-
ther elucidation.

Fear memory is regulated by an interplay among the 
hippocampus, prelimbic cortex, infralimbic cortex, and 
amygdala13. The hippocampus is an important region in-
volved in the formation and storage of context memory in 
the fear conditioning test13. The prelimbic cortex and in-
fralimbic cortex are subdivisions of the medial prefrontal 
cortex (mPFC) and accelerate and suppress fear expression, 
respectively13. The amygdala is critical for fear conditioning 
and fear extinction and modulates fear-related learning in 
other structures, such as the prelimbic cortex, infralimbic 
cortex, and hippocampus13. Memory formation is regulated 
by the synaptic plasticity of related neural circuits, and the 
degree of the changes in synaptic plasticity can be estimated 
by assessing IEG responses to various stimuli, such as dur-
ing the learning test14. Therefore, the induction potential of 
synaptic plasticity-related IEGs that play roles in neuronal 
signal transmission—including glutamatergic receptors/
transporters in the brain—may be directly related to the 
facilitation of fear extinction learning. In this sense, histo-
pathological analysis of the IEG proteins in the brain regions 
regulating fear memory using immunohistochemistry may 
provide valuable information on the mechanism involved in 
AGIQ-induced facilitation of fear extinction learning. Spe-
cifically, the induction pattern of the IEG proteins after the 
last learning test trial may help to identify the brain regions 
responsible for strengthening neural circuits to facilitate 
fear extinction learning.

Recently, some polyphenolic antioxidants have been 
shown to exert an ameliorating effect on post-traumatic 
stress disorder (PTSD), a trauma and stressor-related dis-
order, in animal models15, 16, and as a result, more attention 
has been given to these antioxidants. Surprisingly, a recent 
study has shown that dietary treatment with curcumin, a 
representative polyphenolic antioxidant, for 5 days impaired 
fear memory consolidation and reconsolidation processes in 
rats17. Because the sensitivity to exogenously administered 
antioxidants may vary among the different life stages, it is 
necessary to determine the optimum AGIQ exposure period 
for preventing or ameliorating anxiety. The present study 
evaluated different AGIQ exposure periods to identify the 
one that would be sufficient for facilitating fear extinction 
learning. We also examined the corresponding molecular 
responses in the brain regions involved in the facilitation. 
For these purposes, we examined the effects of AGIQ ex-
posure in three different exposure periods: the postweaning 
exposure period, developmental exposure period, and entire 
developmental and postweaning exposure period. Behavior-
al tests were performed at both prepubertal and adult stages. 
In animals with whole period exposure to AGIQ, sponta-
neous recovery was also examined after the facilitation of 
fear extinction learning because preventing fear recovery is 
important for therapy related to anxiety disorders such as 
PTSD18. In animals subjected to spontaneous recovery, the 
number of immunoreactive cells for synaptic plasticity-re-
lated IEGs and their regulator, as well as constitutive chang-
es in gene expression, in the brain regions of interest were 
compared among the different exposure periods. In animals 
that were subjected to whole period AGIQ exposure, similar 
immunohistochemistry and gene expression analyses were 
performed after the last trial of the learning test, and learn-
ing-linked responses were obtained for comparison with the 
changes in constitutive expression.

Materials and Methods

Chemicals and animals
AGIQ (purity: >97%) was provided by San-Ei Gen 

F.F.I., Inc. (Osaka, Japan). Thirty-six mated female Slc:SD 
rats at gestational day (GD) 1 (appearance of vaginal plugs 
was designated as GD 0) were purchased from Japan SLC, 
Inc. (Hamamatsu, Japan). Rats were individually housed 
with their offspring in polycarbonate cages with paper bed-
ding until day 21 post-delivery. Animals were kept in an air-
conditioned animal room (temperature: 23 ±  2°C, relative 
humidity: 55 ±  15%) with a 12-h light/dark cycle and pro-
vided powdered basal diet (CRF-1; Oriental Yeast Co., Ltd., 
Tokyo, Japan) ad libitum until exposure to AGIQ began and 
tap water ad libitum during the experiment. Offspring were 
weaned at postnatal day (PND) 21 (where PND 0 was the 
day of delivery) and reared two animals per cage thereafter 
and provided powdered basal diet with or without AGIQ and 
tap water ad libitum.
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Experimental design
Mated female rats were randomly divided into two 

groups of untreated controls (18 animals) and the AGIQ 
group (18 animals) (Fig. 1). Animals in the AGIQ group 
were administered 0.5% AGIQ (w/w) in their powdered 
basal diet from GD 6 to day 21 post-delivery. The dosage we 
chose has been shown to facilitate fear extinction learning 
with continuous exposure from fetal stages to adulthood9.

We measured the body weight (BW) and food and wa-
ter consumption of the dams every 3–4 days from GD 6 
to day 21 post-delivery. On PND 4, litters were randomly 
culled to preserve 6 or 7 male and 1 or 2 female offspring 
per dam (a total of 8 offspring per dam). The offspring were 
weighed every 3 or 4 days until PND 21. Dams and female 
offspring were euthanized by exsanguination through the 
abdominal aorta under CO2/O2 anesthesia on day 22 post-
delivery. Male offspring were selected for behavioral tests 
and immunohistochemical and gene expression analyses be-
cause animal behaviors are influenced by circulating levels 
of steroid hormones during the estrous cycle19–21. From PND 
21, the remaining male offspring in the untreated controls 
and AGIQ group were left untreated or dietarily exposed 
to AGIQ, respectively. On PND 30, animals that had been 
subjected to prepubertal behavioral tests were subjected to 
brain sampling for other experimental purposes.

From PND 30 onwards, the remaining male offspring 
from both groups were either left untreated or exposed to 
AGIQ. There were four animal groups: untreated controls 
(Ctrl; 32 animals), the postweaning AGIQ-exposed group 
(PW-AGIQ; 32 animals), the developmental AGIQ-exposed 
group (DEV-AGIQ; 32 animals), and the whole period 
AGIQ-exposed group (WP-AGIQ; 32 animals) (Fig. 1). Off-
spring in the PW-AGIQ and WP-AGIQ groups were fed a 

powdered diet containing 0.5% AGIQ ad libitum. Rats in 
all groups were weighed once weekly thereafter, and the 
amounts of food and water consumed were also recorded.

On PND 76 and PND 79, animals were subjected to 
brain sampling after the end of the adult stage behavioral 
tests (adult stage test 1, PND 76; adult stage test 2, PND 
79). For brain immunohistochemistry, 10 male offspring per 
group (1 pup per dam) were subjected to perfusion fixation 
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 35 mL/min under deep CO2/O2-induced an-
esthesia. For gene expression analysis, 6 male offspring per 
group (1 pup per dam) were euthanized by exsanguination 
through the abdominal aorta under CO2/O2 anesthesia and 
subjected to necropsy. The brains were removed and then 
fixed in methacarn solution at 4°C for 5 h.

All dams and offspring were checked each day to as-
sess their general appearance (abnormal gait and behaviors). 
All procedures in this study were conducted in accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (NIH Publications No. 8023, re-
vised 1978) and according to the protocol approved by the 
Animal Care and Use Committee of The Tokyo University 
of Agriculture and Technology (Approved No.: 29-82). All 
efforts were made to minimize animal suffering.

Behavioral tests
Animals included in the prepubertal stage test (un-

treated controls and the AGIQ group) and adult stage test 
1 (untreated controls and the DEV-AGIQ, PW-AGIQ, and 
WP-AGIQ groups) were subjected to the open field test, ob-
ject recognition test, and contextual fear conditioning test. 
Animals included in adult stage test 1 also completed the 

Fig. 1.	 Experimental design for continuous exposure to α-glycosyl isoquercitrin (AGIQ) from fetal stages to adulthood in rats.
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spontaneous recovery test. Animals included in adult stage 
test 2 (untreated controls and the WP-AGIQ group) were 
subjected to the contextual fear conditioning test.

In each behavior experiment, animals were transport-
ed from the animal room to the behavioral test room 1–2 h 
before starting the tests. After the end of each behavioral 
test, animals were promptly returned to their home cage and 
transferred to the animal room. Apparatuses were cleaned 
with 70% ethanol solution before and after each test. All 
experiments were conducted between 08:00 and 19:00, and 
the order of animal selection for tests among groups was 
counter-balanced across the test time to avoid any bias re-
sulting from the trial times of each group.

Open field test
The open field test was performed on PND 23 and PND 

24 (prepubertal stage test) and on PND 58 and PND 61 (adult 
stage test 1) to assess locomotor activity and anxiety-like 
behaviors and to habituate the rats to the arena that would be 
used in the object recognition test on the following day (ac-
climation phase). The arena comprised a square stainless-
steel tray with a matte black polyvinyl plastic surface and 
stainless-steel walls surrounding a tray with a matte black 
polyvinyl plastic surface (900 mm width × 900 mm depth 
× 500 mm height, O’Hara & Co., Ltd., Tokyo, Japan). The 
illumination was set at 20 Lux at the middle of the arena. 
The animals were placed at the corner of the arena with their 
heads facing the wall and allowed to explore the arena freely 
for 10 min. The total distance and time spent in the center or 
peripheral areas of the field were recorded by a CCD cam-
era (WAT-902B; Watec Co., Ltd., Tsuruoka, Japan) mounted 
above the arena and evaluated by an automatic video-track-
ing system (TimeOFCR1 software; O’Hara & Co., Ltd.). In 
the video tracking analysis, the field was divided equally 
into 25 square regions, and 9 central regions were defined as 
the center area. The percentage of time spent in the center 
area was calculated. The center area rate was defined as the 
percentage of time that an animal stayed in the center area 
during the observation time.

Object recognition test
The object recognition test was performed on PND 24 

and PND 25 (prepubertal stage test) and on PND 59 to PND 
62 (adult stage test 1) to assess object recognition memory. 
Experiments were conducted in the same arena that was 
used in the open field test. The test comprised three steps: 
acclimation, sample phase, and test phase. Twenty-four 
hours after acclimation, the animals were allowed to ex-
plore the arena for 5 min with two identical sample objects 
(sample phase). After a prescribed interval (1 or 4 h for the 
prepubertal stage test or 1 or 24 h for adult stage test 1), the 
animals were allowed to explore the arena for 3 min with 
one familiar sample object and one novel object (test phase). 
In the sample and test phases, the animals were placed in 
the middle of the wall along the inside of the field with their 
heads facing the wall. Objects were placed equidistant to 
this location to the right and left sides behind the animal in 

the arena. The illumination was set at 20 Lux at the mid-
dle of the arena. The sample object was a black and white 
striped quadrangular prism with smooth polyvinyl plastic 
surfaces. The novel object was a gray cone of polyvinyl 
plastic with a rough surface and a stainless-steel tip. These 
objects were heavy enough that they could not be moved 
by the animals. Animal behavior was recorded by a CCD 
camera (WAT-902B; Watec Co., Ltd.) mounted above the 
arena and evaluated by an automatic video-tracking system 
(TimeSSI software; O’Hara & Co., Ltd.). Total distance and 
exploration time toward each object were recorded. When a 
rat’s nose approached to within 3 cm of an object, the video-
tracking system automatically counted it as “exploration,” 
and the cumulative exploration time was recorded. In the 
test phase, animal behavior was analyzed during the first 2 
min because the novel object becomes increasingly familiar 
and exploration time decreases as time passes. A discrimi-
nation index for novel object recognition was determined 
using following formula:

Discrimination index = exploration time with novel 
object/(exploration time with familiar object + exploration 
time with novel object)

Contextual fear conditioning test
The contextual fear conditioning test was performed 

on PND 26 to PND 29 (prepubertal stage test), PND 65 to 
PND 76 (adult stage test 1), and PND 71 to PND 79 (adult 
stage test 2) (Fig. 2, Supplementary Fig. 1: online only).

Conditioning and testing took place in a rodent ob-
servation cage (30 × 37 × 25 cm; CL-3001; O’Hara & Co., 
Ltd.) that was placed in a sound-attenuating chamber (CL-
4211; O’Hara & Co., Ltd.). The side walls and door of the 
observation cage were constructed of Plexiglas. The floor 
comprised 21 steel rods through which a scrambled foot-
shock from a shock generator (SGA-2020; O’Hara & Co., 
Ltd.) could be delivered. During experiments, the chamber 
was ventilated, kept at a background white noise level of 
50 dB, and illuminated at 200 Lux by white light-emitting 
diode bulbs. Animal behavior was video recorded by a CCD 
camera (WAT-902B; Watec Co., Ltd.) and analyzed using 
an automatic video-tracking system (TimeFZ2 software; 
O’Hara & Co., Ltd.). Body freezing time was measured, and 
the freezing rate was defined as the percentage of time that 
the animal was immobile during the test.

Contextual fear conditioning: 138 s after transferring 
the animals to the cage, they received two 2-s footshocks 
(0.5 mA intensity) 100 s apart. The animals were removed 
from the cage 60 s after the second footshock and returned 
to their home cages. Thus, fear conditioning took 5 min.

Fear acquisition, fear extinction, and spontaneous re-
covery: Animals were placed back in the same context as 
used for conditioning for 5 min without footshock. Ninety 
minutes after completion of adult stage tests 1 and 2 (the 
spontaneous recovery test or the fear extinction test), the 
animals were euthanized for immunohistochemistry and 
real-time reverse transcription PCR analysis of the brain.
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Immunohistochemistry
Because IEG peak protein expression in response to 

acute stimuli occurs within approximately 90–120 min22, 
animals were euthanized for perfusion fixation 90 min after 
the last trial of the contextual fear conditioning test. Perfu-
sion-fixed brains were additionally fixed with the same PFA 
buffer solution overnight. Coronal slices were prepared at 
+3.0 mm and −3.0 mm from the bregma after adult stage 
tests 1 and 2 (n = 10/group). For immunohistochemistry of 
the hippocampal dentate gyrus and amygdala, a 3 mm-thick 
slice posterior to the –3.0 mm coronal plane from the breg-
ma was prepared. For immunohistochemistry of the prelim-
bic and infralimbic cortices, a 3 mm-thick slice anterior to 
the +2.0 mm coronal plane from the bregma was prepared.
Brain slices were further fixed with the same PFA buffer so-
lution overnight at 4°C and routinely processed for paraffin 
embedding and sliced into 3-μm-thick sections.

Brain sections were subjected to immunohistochemi-
cal analysis using primary antibodies against the following: 
activity-regulated cytoskeleton-associated protein (ARC), 
FOS, early growth response 1 (EGR1), and cyclooxygen-
ase 2 (COX2), which are IEGs involved in synaptic plastic-
ity10, 23, and phosphorylated extracellular signal-regulated 
kinase 1/2 (p-ERK1/2), a member of the mitogen activated 
protein kinase (MAPK) family that is activated by phos-

phorylation to promote transcriptional programs leading to 
the induction of Arc and Fos24. To block endogenous per-
oxidase, deparaffinized sections were incubated in 0.3% 
(v/v) H2O2 solution in absolute methanol for 30 min. The 
antigen retrieval conditions that were applied for some an-
tibodies are listed in Supplementary Table 1 (online only). 
Immunodetection was conducted using a Vectastain® Elite 
ABC kit (PK-6101 and PK-6102; Vector Laboratories Inc., 
Burlingame, CA, USA) with 3,3ʹ-diaminobenzidine/H2O2 
as the chromogen. Hematoxylin counterstaining was then 
performed, and coverslips were mounted on immunostained 
sections for microscopic examination.

Evaluation of immunoreactive cells
Immunoreactive cells (ARC+, COX2+, EGR1+, FOS+, 

and p-ERK1/2+ cells) in the hippocampal granule cell lay-
er (GCL) were bilaterally counted and normalized for the 
length of the subgranular zone of the dentate gyrus (Supple-
mentary Fig. 2: online only). Immunoreactive cells distrib-
uted within the prelimbic cortex, infralimbic cortex, lateral 
amygdala, basolateral amygdala, and central nucleus of the 
amygdala were bilaterally counted and normalized per area 
unit (Supplementary Fig. 3 and 4: online only). Number 
of each immunoreactive cellular population was manually 
counted under microscopic observation using a BX53 mi-
croscope (Olympus Corporation, Tokyo, Japan). The posi-

Fig. 2.	 Experimental design of the contextual fear conditioning test and freezing rate (%) during the fear conditioning, fear acquisition, fear 
extinction, and spontaneous recovery tests in the untreated controls and each α-glycosyl isoquercitrin (AGIQ)-exposed group at adult 
stage tests 1 and 2. (A) Adult stage test 1. (B) Adult stage test 2. Values are expressed as the mean + SD or mean ±  SD. n = 13–16/group 
for adult stage test 1 (conditioning and acquisition: untreated controls (Ctrl), 16; postweaning AGIQ-exposed group (PW-AGIQ), 16; 
developmental AGIQ-exposed group (DEV-AGIQ), 16; whole period AGIQ-exposed group (WP-AGIQ), 16; fear extinction 1–3 and 
spontaneous recovery: Ctrl, 16; PW-AGIQ, 14; DEV-AGIQ, 16; WP-AGIQ, 13). n = 14–16/group for adult stage test 2 (conditioning and 
acquisition: Ctrl, 16; WP-AGIQ, 16; fear extinction 1–3: Ctrl, 16; WP-AGIQ, 14). *P < 0.05, significantly different from the untreated con-
trols by Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction (adult stage test 1) or significantly different from the untreated 
controls by Student’s t-test or Aspin–Welch’s t-test (adult stage test 2).
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tion and shape of each area were determined with reference 
to cresyl violet staining images adjacent to the immunos-
tained section and the atlas of the rat brain25. Immunolo-
calized cells were analyzed while blinded to the treatment 
conditions. The length of the subgranular zone of the den-
tate gyrus and the area of the prelimbic cortex, infralimbic 
cortex, lateral amygdala, basolateral amygdala, and central 
nucleus of the amygdala were measured and determined 
based on microscopic images at ×25-fold or ×40-fold mag-
nification by applying the cellSens Standard (version 1.9; 
Olympus Corp., Tokyo, Japan).

Transcript-level expression analysis
To analyze gene expression, transcript levels in the 

hippocampal dentate gyrus, prelimbic cortex, infralimbic 
cortex, and amygdala were examined after adult stage tests 
1 and 2 using real-time RT-PCR. Tissues were dissected 
according to the whole-brain fixation method using meth-
acarn solution as previously reported26. In brief, a 2 mm-
thick slice posterior to the –2.0 mm coronal plane from the 
bregma was prepared to collect tissue samples from the hip-
pocampal dentate gyrus and amygdala using a punch biopsy 
device with a pore-size diameter of 1 mm (BP-10F; Kai In-
dustries Co., Ltd., Gifu, Japan). For sampling the infralim-
bic cortex and prelimbic cortex tissues, a 2-mm coronal-
thick slice anterior to the +2.0 mm coronal plane from the 
bregma was prepared (Supplementary Fig. 5: online only). 
Total RNA was extracted from brain tissue samples from all 
groups (n = 6 per group) using RNeasy Mini kits (Qiagen, 
Hilden, Germany). First-strand cDNA was synthesized us-
ing SuperScript® III Reverse Transcriptase (Thermo Fisher 
Scientific, Waltham, MA, USA) in a 20-μL total reaction 
mixture with 1 μg of total RNA. Analysis of the transcript 
levels for the gene targets shown in Supplementary Table 2 
(online only) was performed using PCR primers designed 
with Primer Express software (Version 3.0; Thermo Fisher 
Scientific). Real-time PCR with Power SYBR® Green PCR 
Master Mix (Thermo Fisher Scientific) was conducted using 
a StepOnePlusTM Real-time PCR System (Thermo Fisher 
Scientific). The relative differences in gene expression be-
tween the untreated controls and each treatment group were 
calculated using threshold cycle (CT) values that were first 
normalized to that of hypoxanthine phosphoribosyltransfer-
ase 1 (Hprt1) or glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh), which served as endogenous controls in the same 
sample, and then relative to a control CT value using the 2−

ΔΔC
T method27.

Statistical analysis
Offspring data from PND 30 onwards (BW and brain 

weight at necropsy, scores on the behavioral tests, number 
of immunoreactive cells for each antigen, and results from 
the transcript-level gene-expression analysis) were analyzed 
using the individual animals as the experimental unit. Data 
from 4 groups were analyzed using Levene’s test for homo-
geneity of variance. If the variance was homogenous, nu-
merical data were evaluated using Dunnett’s test for com-

parisons between the untreated controls and each treatment 
group. For heterogeneous data, Aspin-Welch’s t-test with 
Bonferroni correction was used. Data from two groups were 
analyzed using the Levene’s test for homogeneity of vari-
ance. When the variance was homogenous, Student’s t-test 
was applied. When data were heterogeneous, Aspin-Welch’s 
t-test was used. All analyses were performed using IBM 
SPSS Statistics ver. 25 (IBM Corp., Armonk, NY, USA), 
and P<0.05 was considered statistically significant.

Because some animals were resistant to fear extinction 
learning, the Smirnov-Grubbs test was performed to detect 
the outliers in each group. Identified outliers were excluded 
as abnormal animals from the fear extinction test analysis, 
spontaneous recovery test analysis, immunohistochemis-
try analysis, and transcript-level gene-expression analysis. 
The Smirnov-Grubbs test was performed using Excel Sta-
tistics 2013 software package version 2.02 (Social Survey 
Research Information Co. Ltd., Tokyo, Japan), and P<0.05 
was considered statistically significant.

Results

Maternal parameters
One non-pregnant animal in the AGIQ group was ex-

cluded from the experiment. Therefore, the effective num-
bers of dams in the untreated controls and AGIQ group were 
18 and 17, respectively. Based on the mean food consump-
tion values, dams in the AGIQ group received 333.9 and 
656.5 mg/kg BW/day AGIQ during the gestation and lacta-
tion periods, respectively.

Offspring necropsy data
The AGIQ group at necropsy on PND 30 and the PW-

AGIQ, DEV-AGIQ, and WP-AGIQ groups at necropsies on 
PND 76 or PND 79 showed no significant differences in BW 
and absolute and relative brain weights compared with the 
untreated controls (Supplementary Table 3 and 4: online 
only). Based on the mean food consumption values, off-
spring received 693.9 mg/kg BW/day AGIQ between PND 
21 and PND 30. Thereafter, offspring in the PW-AGIQ and 
WP-AGIQ groups received 415.7 and 425.4 mg/kg BW/day 
AGIQ, respectively.

Behavioral testing scores of male offspring
Open field test: In the prepubertal stage test, there were 

no significant differences in the total distance and center 
area rate between the untreated controls and AGIQ group 
(Supplementary Table 5: online only).

In adult stage test 1, there were no significant differ-
ences in the total distance and center area rate between the 
untreated controls and any of the AGIQ groups (Supplemen-
tary Table 6: online only).

Object recognition test: In the prepubertal stage test, 
there were no significant differences in the total distance 
and discrimination index in the test phase after 1 h and 4 
h intervals between the untreated controls and AGIQ group 
(Supplementary Table 7: online only).
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In adult stage test 1, there were no significant differ-
ences in the total distance and discrimination index in the 
test phase after 24 h and 1 h interval between the untreated 
controls and any of the AGIQ groups (Supplementary Ta-
ble 8: online only).

Contextual fear conditioning test: In the prepubertal 
stage test, there were no significant differences in the freez-
ing rate in the fear acquisition and fear extinction tests be-
tween the untreated controls and AGIQ group (Supplemen-
tary Table 9: online only).

In adult stage test 1, the WP-AGIQ group showed a sig-
nificantly lower freezing rate in the 2nd trial of the fear ex-
tinction test than the untreated controls, while the freezing 
rate in the PW-AGIQ and DEV-AGIQ groups did not differ 
from that of the untreated controls (Fig. 2, Supplementary 
Table 10: online only). There were no significantly differ-
ent changes in the spontaneous recovery test between the 
untreated controls and any of the AGIQ groups.

In adult stage test 2, the WP-AGIQ group showed a 
significantly lower freezing rate in the 1st trial of the fear 
extinction test than the untreated controls (Fig. 2, Supple-
mentary Table 11: online only).

Number of immunoreactive cells for synaptic plastici-
ty-related IEGs and their regulator

GCL of the hippocampal dentate gyrus: In adult stage 
test 1, there were no significant differences in the number of 
immunoreactive cells for any molecule in the GCL between 
the untreated controls and any of the AGIQ groups (Supple-
mentary Fig. 6: online only, Table 1).

In adult stage test 2, there were no significant differenc-
es in the number of immunoreactive cells for any molecule 
in the GCL between the untreated controls and WP-AGIQ 
group (Fig. 3, Table 2).

mPFC: In adult stage test 1, there were no significant 
differences in the number of immunoreactive cells for any 
molecule in the prelimbic cortex between the untreated 
controls and any of the AGIQ groups (Supplementary Fig. 
7: online only, Table 1). The number of FOS+ cells in the 
infralimbic cortex significantly increased in the WP-AGIQ 
group compared with that in the untreated controls (Supple-
mentary Fig. 8: online only, Table 1). No significant differ-
ences in the number of immunoreactive cells for other mol-
ecules in the infralimbic cortex were observed between the 
untreated controls and any of the AGIQ groups.

In adult stage test 2, the number of p-ERK1/2+ cells 
in the prelimbic cortex significantly increased in the WP-
AGIQ group compared with that in the untreated controls 

Table 1.	 Number of Immunoreactive Cells in the Granule Cell Layer of the Hippocampal Dentate Gyrus, Prelimbic Cortex, and Infralim-
bic Cortex of Male Offspring after Adult Srage Test 1

Ctrl PW-AGIQ DEV-AGIQ WP-AGIQ

No. of offspring examined 10 10 (8) † 10 10 (7) ‡

Hippocampal dentate gyrus
Granule cell layer (No./mm)

ARC 3.9 ± 1.7 3.9 ± 1.7 3.4 ± 1.7 5.1 ± 1.5 
COX2 4.4 ± 2.3 6.8 ± 2.9 3.8 ± 1.8 3.0 ± 1.1 
EGR1 4.6 ± 2.4 5.2 ± 3.1 4.3 ± 1.9 5.0 ± 1.7 
FOS 3.2 ± 1.1 3.6 ± 1.8 2.9 ± 1.6 4.1 ± 2.0 
p-ERK1/2 1.1 ± 0.7 0.6 ± 0.4 1.0 ± 0.8 0.8 ± 0.7 

Medial prefrontal cortex
Prelimbic cortex (No./mm2)

ARC 1.0 ± 1.1 1.0 ± 1.0 1.4 ± 1.6 1.2 ± 0.8 
COX2 10.4 ± 5.0 11.0 ± 7.1 27.9 ± 23.6 17.4 ± 8.1 
EGR1 247.4 ± 109.1 222.0 ± 110.8 202.1 ± 73.0 253.9 ± 122.3 
FOS 27.4 ± 13.3 30.8 ± 14.5 28.1 ± 13.1 33.7 ± 15.4 
p-ERK1/2 39.7 ± 13.7 39.9 ± 29.6 39.7 ± 16.3 55.6 ± 22.2 

Infralimbic cortex (No./mm2)
ARC 0.3 ± 0.4 0.7 ± 1.1 1.4 ± 2.1 0.1 ± 0.3 
COX2 5.3 ± 3.9 5.2 ± 2.2 11.2 ± 6.5 11.5 ± 7.1 
EGR1 123.0 ± 62.0 116.0 ± 60.7 131.2 ± 42.9 140.1 ± 69.0 
FOS 16.1 ± 7.3 23.0 ± 13.2 20.1 ± 11.3 31.1 ± 14.8* 
p-ERK1/2 76.0 ± 26.0 68.2 ± 26.6 61.8 ± 23.1 85.1 ± 32.3 

AGIQ, α-glycosyl isoquercitrin; ARC, activity-regulated cytoskeleton-associated protein; COX2, cyclooxygenase 2; Ctrl, untreated con-
trols; DEV-AGIQ, developmental AGIQ-exposed group; EGR1, early growth response 1; FOS, Fos proto-oncogene, AP-1 transcription 
factor subunit; p-ERK1/2, phospho-extracellular signal-regulated kinase 1/2; PW-AGIQ, postweaning AGIQ-exposed group; WP-AGIQ, 
whole-period AGIQ-exposed group. Data are expressed as mean ±  SD. *P < 0.05, significantly different from the untreated controls by 
Dunnett’s test or Aspin-Welch’s t-test with Bonferroni correction. †Two animals that were detected as fear-extinction outliers by the 
Smirnov-Grubbs test were excluded from data analysis. The number in parenthesis is the effective number of animals. ‡Three animals that 
were detected as fear-extinction outliers by the Smirnov-Grubbs test were excluded from data analysis. The number in parenthesis is the 
effective number of animals.
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(Fig. 3, Table 2). No significant differences in the number 
of immunoreactive cells for other molecules in the prelim-
bic cortex were observed between the WP-AGIQ group and 
untreated controls (Fig. 3, Table 2). The numbers of FOS+ 

and p-ERK1/2+ cells in the infralimbic cortex significantly 
increased in the WP-AGIQ group compared with those in 
the untreated controls (Fig. 3, Table 2). There were no sig-
nificant differences in the number of immunoreactive cells 

Fig. 3.	 Distribution of immunoreactive cells for activity-regulated cytoskeleton associated protein (ARC), cyclooxygenase 2 (COX2), early 
growth response 1 (EGR1), Fos proto-oncogene, AP-1 transcription factor subunit (FOS), and phosphorylated extracellular signal-
regulated kinase 1/2 (p-ERK1/2) in the respective brain regions of a male offspring after the last trial of the fear extinction test at adult 
stage test 2. (A) Granule cell layer (GCL) of the hippocampal dentate gyrus. (B) Prelimbic cortex. (C) Infralimbic cortex. Representative 
images from the untreated controls (Ctrl; left) and whole period AGIQ-exposed group (WP-AGIQ; right) rats. Arrowheads indicate im-
munoreactive cells. Magnifications: (A) ×400; bar, 50 μm. (B) and (C) ×200; bar, 100 μm.
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for other molecules in the infralimbic cortex between the 
untreated controls and WP-AGIQ group (Fig. 3, Table 2).

Amygdala: There were either no or a few ARC+ cells 
in the lateral amygdala, basolateral amygdala, and central 
nucleus of the amygdala and either no or a few COX2+ 
cells in the basolateral amygdala and central nucleus of the 
amygdala. In adult stage test 2, there were no significant 
differences in the number of immunoreactive cells for any 
molecule in the lateral amygdala, basolateral amygdala, and 

central nucleus of the amygdala between the untreated con-
trols and WP-AGIQ group (Fig. 4, Table 2).

Transcript-level expression changes
Hippocampal dentate gyrus: In adult stage test 1, there 

were no changes in transcript levels in the PW-AGIQ group 
compared with the untreated controls (Fig. 5, Supplemen-
tary Table 12: online only). In the DEV-AGIQ group, com-
pared with the levels in the untreated controls, the transcript 

Table 2.	 Number of Immunoreactive Cells in the Granule Cell Layer of the Hippocampal Dentate Gyrus, Prelim-
bic Cortex, Infralimbic Cortex, Lateral Amygdala, Basolateral Amygdala, and Central Nucleus of the 
Amygdala of Male Offspring after Adult Stage Test 2

Ctrl WP-AGIQ

No. of offspring examined 10 10
Hippocampal dentate gyrus

Granule cell layer (No./mm)
ARC 3.3 ± 1.2 4.2 ± 1.2 
COX2 17.5 ± 6.2 18.5 ± 6.5 
EGR1 16.9 ± 5.8 18.1 ± 4.2 
FOS 1.7 ± 1.0 1.6 ± 0.7 
p-ERK1/2 1.1 ± 1.0 1.1 ± 0.4 

Medial prefrontal cortex
Prelimbic cortex (No./mm2)

ARC 4.5 ± 3.7 7.5 ± 5.8 
COX2 20.7 ± 14.2 37.2 ± 21.1 
EGR1 182.8 ± 80.7 182.2 ± 40.0 
FOS 14.9 ± 8.0 17.5 ± 11.1 
p-ERK1/2 28.6 ± 16.0 58.4 ± 20.3* 

Infralimbic cortex (No./mm2)
ARC 2.8 ± 2.9 5.2 ± 3.8 
COX2 11.8 ± 9.0 12.1 ± 5.9 
EGR1 87.3 ± 44.6 107.2 ± 34.5 
FOS 13.9 ± 7.7 24.0 ± 12.2* 
p-ERK1/2 52.7 ± 17.3 79.1 ± 23.2* 

Amygdala
Lateral amygdala (No./mm2)

ARC 0 ± 0 0.3 ± 0.7 
COX2 27.9 ± 20.4 49.5 ± 38.6 
EGR1 297.1 ± 168.0 331.5 ± 129.2 
FOS 12.0 ± 14.7 34.4 ± 43.5 
p-ERK1/2 6.5 ± 8.5 16.2 ± 20.5 

Basolateral amygdala (No./mm2)
ARC 0 ± 0 0.1 ± 0.4 
COX2 2.0 ± 1.6 1.8 ± 1.8 
EGR1 196.5 ± 70.2 193.6 ± 38.6 
FOS 18.3 ± 15.7 26.4 ± 28.9 
p-ERK1/2 8.4 ± 8.9 16.6 ± 21.8 

Central nucleus of amygdala (No./mm2)
ARC 0.2 ± 0.7 0 ± 0 
COX2 0.6 ± 1.7 0 ± 0 
EGR1 95.4 ± 74.8 104.2 ± 60.1 
FOS 23.8 ± 26.4 17.2 ± 24.3 
p-ERK1/2 2.3 ± 3.2 1.0 ± 1.6 

AGIQ, α-glycosyl isoquercitrin; ARC, activity-regulated cytoskeleton-associated protein; COX2, cyclooxygen-
ase 2; Ctrl, untreated controls; EGR1, early growth response 1; FOS, Fos proto-oncogene, AP-1 transcription 
factor subunit; p-ERK1/2, phospho-extracellular signal-regulated kinase 1/2; WP-AGIQ, whole-period AGIQ-
exposed group. Data are expressed as mean ±  SD. *P<0.05, significantly different from the untreated controls by 
Student’s t-test or Aspin-Welch’s t-test.
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levels of Grin2c, Slc17a6, Fos, Flt1, Kdr, Vegfa, Pcna, Nos3, 
and Elmo1 were significantly increased, while the transcript 
levels of Efnb3, Epha4, Ephb2, Gria1, Gria2, Gria3, Gri-
n2a, Grin2b, Slc17a7, Bdnf, Arc, Egr1, Mapk1, Ptgs2, and 

Nos1 were significantly decreased after normalization with 
Gapdh and/or Hprt1. In the WP-AGIQ group, compared 
with the levels in the untreated controls, the transcript levels 
of Ephb1, Fos, Flt1, Kdr, Notch1, Vegfa, Pcna, Nos2, Nos3, 

Fig. 4.	 Distribution of immunoreactive cells for activity-regulated cytoskeleton associated protein (ARC), cyclooxygenase 2 (COX2), early 
growth response 1 (EGR1), Fos proto-oncogene, AP-1 transcription factor subunit (FOS), and phosphorylated extracellular signal-
regulated kinase 1/2 (p-ERK1/2) in subregions of the amygdala of a male offspring after the last trial of the fear extinction test at adult 
stage test 2. (A) Lateral amygdala. (B) Basolateral amygdala. (C) Central nucleus of the amygdala. Representative images from the un-
treated controls (Ctrl; left) and whole period AGIQ-exposed group (WP-AGIQ; right) rats. Arrowheads indicate immunoreactive cells. 
Magnification, ×200; bar, 100 μm.
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Kif21b, and Elmo1 were significantly increased, while the 
transcript levels of Efnb3, Epha4, Ephb2, Gria1, Gria2, 
Gria3, Grin2a, Grin2b, Slc17a7, Bdnf, Mapk1, Ptgs2, and 
Nos1 were significantly decreased after normalization with 
Gapdh and/or Hprt1.

In adult stage test 2, the transcript levels of Efnb3, 
Epha4, Ephb2, Gria1, Gria2, Gria3, Grin2a, Grin2b, 
Grin2c, Slc17a7, Egr1, Mapk1, and Kif21b were significantly 
increased after normalization with Gapdh and/or Hprt1 in 
the WP-AGIQ group compared with the levels in the un-
treated controls (Supplementary Table 13: online only). The 
transcript level of Grin2d was significantly decreased af-
ter normalization with Gapdh and Hprt1 in the WP-AGIQ 
group compared with that in the untreated controls.

Figure 6 summarizes the directions of the transcript-
level changes in the WP-AGIQ group in comparison with 

those in the untreated controls in adult stage tests 1 and 2. 
For most genes, the expression changes were different be-
tween adult stage tests 1 and 2, many of them showing an 
inverse expression pattern, and some genes showed upregu-
lation or downregulation in just one test, except for Kif21b, 
which was upregulated in both tests.

Prelimbic mPFC: In adult stage test 1, compared with 
the levels in the untreated controls, the transcript level of 
Fos was significantly increased after normalization with 
Hprt1 in the PW-AGIQ group, while the transcript level 
of Grin2d was significantly decreased after normalization 
with Gapdh (Fig. 5, Supplementary Table 14: online only). 
In the DEV-AGIQ group, compared with the levels in the 
untreated controls, the transcript levels of Efnb3, Ephb1, 
Ephb2, Gria1, Grin2d, Slc17a6, Mapk1, Notch1, Nos1, and 
Nos2 were significantly increased after normalization with 

Fig. 5.	 Summary of the changes in gene expression in specified brain regions after adult stage test 1. Genes with higher or lower transcript lev-
els than those in the untreated controls after normalization with either or both glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and 
hypoxanthine phosphoribosyltransferase 1 (Hprt1) were judged to be upregulated or downregulated, respectively.
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Gapdh and/or Hprt1, while the transcript levels of Egr1 and 
Flt1 were significantly decreased after normalization with 
Gapdh. In the WP-AGIQ group, compared with the levels in 
the untreated controls, the transcript levels of Efnb3, Ephb2, 
Gria1, Gria2, Grin2c, Slc17a6, Mapk1, Nos1, and Nos3 were 
significantly increased after normalization with Gapdh and 
Hprt1, while the transcript level of Egr1 was significantly 
decreased after normalization with Gapdh.

In adult stage test 2, the transcript levels of Ephb2, Gri-
n2a, Grin2b, Grin2c, and Slc17a6 in the WP-AGIQ group 
were significantly increased after normalization with Hprt1 
compared with the levels in the untreated controls (Supple-
mentary Table 15: online only).

Figure 6 summarizes the directions of the transcript-

level changes in the prelimbic cortex in the WP-AGIQ group 
in comparison with those in the untreated controls between 
adult stage tests 1 and 2. For many genes, the expression 
changes were different between adult stage tests 1 and 2, 
showing upregulation or downregulation in just one test, 
except for Ephb2, Grin2c, and Slc17a6, which were upregu-
lated in both tests.

Infralimbic mPFC: In adult stage test 1, the transcript 
level of Grin2d in the PW-AGIQ group was significantly 
decreased after normalization with Gapdh compared with 
that in the untreated controls (Fig. 5, Supplementary Table 
16: online only). In the DEV-AGIQ group, compared with 
the levels in the untreated controls, the transcript levels 
of Efnb3, Gria1, Slc17a6, and Pcna were significantly in-

Fig. 6.	 Comparison of changes in transcript levels between adult stage tests 1 and 2 in specified brain regions of whole period AGIQ-exposed 
group (WP-AGIQ) rats. Genes with higher or lower transcript levels than those in the untreated controls after normalization with either 
or both glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and hypoxanthine phosphoribosyltransferase 1 (Hprt1) were judged to be 
upregulated or downregulated, respectively.
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creased after normalization with Gapdh and/or Hprt1, while 
the transcript levels of Epha4 and Bdnf were significantly 
decreased after normalization with Hprt1. In the WP-AGIQ 
group, compared with the levels in the untreated controls, 
the transcript levels of Efnb3, Ephb1, Ephb2, Gria1, Gria2, 
Gria3, Grin2b, Grin2c, Slc17a6, Slc17a7, Ntrk2, Flt1, Kdr, 
Notch1, Vegfa, Pcna, Nos2, and Nos3 were significantly in-
creased after normalization with Gapdh and/or Hprt1, while 
the transcript level of Bdnf was significantly decreased after 
normalization with Hprt1.

In adult stage test 2, the transcript levels of Efnb3, 
Ephb1, and Ephb2 in the WP-AGIQ group were signifi-
cantly increased after normalization with Hprt1 compared 
with those in the untreated controls (Supplementary Table 
17: online only). The transcript level of Egr1 in the WP-AGIQ 
group was significantly decreased after normalization with 
Gapdh and Hprt1 compared with that in the untreated con-
trols.

Figure 6 summarizes the directions of the transcript-
level changes in the WP-AGIQ group compared with those 
in the untreated controls between adult stage tests 1 and 2. 
For many genes, the expression changes were different be-
tween adult stage tests 1 and 2, with most of them show-
ing upregulation in just test 1, except for Efnb3, Ephb1, and 
Ephb2, which were upregulated in both tests.

Amygdala: In adult stage test 1, the transcript level of 
Grin2d in the PW-AGIQ group was significantly decreased 
after normalization with Gapdh and Hprt1 compared with 
that in the untreated controls (Fig. 5, Supplementary Table 
18: online only). In the DEV-AGIQ group, the transcript levels 
of Egr1 and Ptgs2 were significantly increased after normal-
ization with Gapdh compared with those in the untreated 
controls. In the WP-AGIQ group, compared with the lev-
els in the untreated controls, the transcript levels of Gria3, 
Grin2a, Grin2b, Slc17a7, Bdnf, Arc, Egr1, and Ptgs2 were 
significantly increased after normalization with Gapdh and/
or Hprt1, while the transcript levels of Grin2d and Vegfa 
were significantly decreased after normalization with Hprt1.

In adult stage test 2, the transcript levels of Efnb3, 
Ephb2, Gria1, Gria2, Gria3, Grin2a, Grin2b, Grin2c, Sl-
c17a6, and Fos in the WP-AGIQ group were significantly 
increased after normalization with Gapdh and/or Hprt1 
compared with the levels in the untreated controls (Supple-
mentary Table 19: online only).

Figure 6 summarizes the directions of the transcript-
level changes in the WP-AGIQ group compared with those 
in the untreated controls between adult stage tests 1 and 
2. For many genes, the expression changes were different 
between adult stage tests 1 and 2, showing upregulation or 
downregulation in just one test, except for Gria3, Grin2a, 
and Grin2b, which were upregulated in both tests.

Discussion

The adult stage test 1 results of the present study re-
vealed that whole period exposure to AGIQ from the fetal 
stage to adulthood facilitated fear extinction learning in the 

contextual fear conditioning test, which was consistent with 
the findings in our previous study9. Conversely, postwean-
ing or developmental AGIQ exposure did not result in any 
obvious changes in behavior on our tests. Whole period 
exposure to AGIQ did not result in any changes to other 
behavioral parameters, which was also consistent with the 
findings of our previous study9. We also did not observe any 
behavioral changes in the prepubertal stage test after devel-
opmental AGIQ exposure. These results suggest that whole 
period exposure is necessary for facilitating fear extinction 
learning, but it may not influence other types of behavior or 
memory.

The adult stage test 1 results of the present study re-
vealed that postweaning AGIQ exposure did not induce any 
changes in the transcript levels of most of the genes exam-
ined. Conversely, both developmental exposure and whole 
period exposure to AGIQ resulted in similar changes in tran-
script levels, notably in the hippocampal dentate gyrus and 
prelimbic cortex. However, developmental AGIQ exposure 
did not affect fear extinction learning. These results suggest 
that AGIQ exposure during development can change the ex-
pression levels of genes in adulthood even after exposure 
has stopped. The ingestion of polyphenols such as quercetin 
and resveratrol has been reported to be effective in prevent-
ing various diseases through epigenetic modifications in the 
body28. Because large-scale remodeling of the epigenetic 
landscape occurs in developing cells, developmental AGIQ 
exposure may modify epigenetic gene regulation. Converse-
ly, whole period exposure to AGIQ altered the expression 
levels of more genes than did developmental exposure, es-
pecially in the infralimbic cortex and the amygdala. Chang-
es in expression caused by developmental exposure might 
not be sufficient to change behavior as it was measured in 
the present study. Genes with altered expression only after 
whole period exposure might be related to the facilitation of 
fear extinction learning.

After adult stage tests 1 and 2, we found an increased 
number of FOS+ neurons in the infralimbic cortex of rats 
that experienced whole period exposure to AGIQ. While 
the reason for the lack of spontaneous recovery of fear re-
sponses in the untreated controls is not clear, whole period 
exposure did not modify the lack of spontaneous recovery 
observed in adult stage test 1, which suggests that the be-
havioral test used in this study might not activate the cor-
responding neural circuit. This result further suggests that 
changes in transcript levels after the spontaneous recovery 
test may be equivalent to the changes in constitutive expres-
sion that occur without the behavioral stimulus. From this 
point of view, the increased number of FOS+ neurons in the 
infralimbic cortex may represent constitutive upregulation 
that was not influenced by the behavioral test and instead 
reflects strengthening of basal level synaptic plasticity in the 
infralimbic cortex caused by AGIQ. Unlike FOS+ neurons, 
we found an increased number of p-ERK1/2+ neurons in 
both the prelimbic and infralimbic cortices after adult stage 
test 2. A subset of plasticity-evoked and stimuli-induced 
IEGs have been implicated in the formation of memory 
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traces that occur after learning because of their rapid and 
transient responsiveness to synaptic activation14. There-
fore, synaptic plasticity-related IEGs and their regulator, p-
ERK1/2, which showed altered expression or activity after 
the learning trial, could be involved in the facilitation of fear 
extinction learning. In particular, molecules that showed in-
creased expression or activity only after adult stage test 2 
and not after adult stage test 1 might be essential for the 
facilitation of fear extinction learning by AGIQ. ERK1/2 
can be rapidly activated by phosphorylation in response to 
acute stimuli to induce IEGs to participate in the facilitation 
of synaptic plasticity29. Therefore, the activation of ERK1/2 
only after adult stage test 2 may be essential for facilitating 
fear extinction learning by enhancing synaptic plasticity. 
The prelimbic and infralimbic cortices have been proposed 
to accelerate and suppress fear responses, respectively13. 
However, a recent study has shown that activation of the 
prelimbic cortex neurons, which project to the infralimbic 
cortex, promotes fear extinction learning30. Therefore, our 
results from the immunohistochemical analysis of induced 
proteins suggest that the high response seen in the learn-
ing-dependent activation of ERK1/2 in the prelimbic and 
infralimbic cortices contributes to the facilitation of fear ex-
tinction learning as a result of AGIQ exposure from the fetal 
stage to adulthood. Alternatively, the fear memory forma-
tion could be translated into a psychological toxic insult, and 
AGIQ exposure could establish new learning-related neural 
circuits in both the prelimbic and infralimbic cortices that 
function to facilitate the extinction of fear memory as a re-
sult of psychological toxicity.

In the infralimbic cortex after adult stage test 1, whole 
period exposure to AGIQ preferentially upregulated a num-
ber of genes, such as Gria2, Gria3, Grin2b, Grin2c, Slc17a7, 
Ntrk2, Flt1, Kdr, Notch1, Vegfa, Nos2, and Nos3, relative to 
developmental exposure. Gria is a gene family compris-
ing glutamate ionotropic receptor alpha-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)-type subunits 
1 to 4. These receptors are found at excitatory synapses 
throughout the brain31. Slc17a7 encodes vesicular gluta-
mate transporter (VGLUT)-1, one of the major isoforms of 
VGLUTs32. BDNF/TrkB has also been shown to regulate 
VGLUT expression during development, and its effect on 
VGLUT1 may contribute to enhancing glutamate release in 
long-term potentiation33. The BDNF/TrkB receptor complex 
upregulates Gria1, Gria2, and Gria334, and these modifica-
tions enhance synaptic strength35. Grin2 encodes glutamate 
ionotropic receptor NMDA-type subunit of GluN2, and the 
NMDA receptor is a tetramer that consists of two GluN1 
subunits combined with two GluN2 subunits or a mixture 
of a GluN2 and a GluN3 subunit36. NMDA receptors are 
critical for inducing long-term potentiation36. Furthermore, 
D-cycloserine-induced facilitation of fear extinction learn-
ing was found to increase FOS+ neurons and upregulate 
NMDA receptors in both the prelimbic and infralimbic cor-
tices37. Although we found increased numbers of FOS+ neu-
rons only in the infralimbic cortex, the observed changes in 
gene expression also support the strengthening of the basal 

level of synaptic plasticity of glutamatergic signals in the 
infralimbic cortex.

Flt1, Kdr, Notch1, Vegfa, and Nos3, have been shown to 
be involved in increasing blood flow through the brain via 
enhanced angiogenesis or dilatation of blood vessels38–40. 
Flavonoids are known to activate nitric oxide synthase 3, 
which is encoded by Nos341. Nos2 encodes nitric oxide syn-
thase 2 (NOS2), which is expressed in neurons and glia of 
the brain42. Nitric oxide acts as an intracellular neurotrans-
mitter that modulates synaptic plasticity in several types 
of neurons42. Inhibition of NOS2 has also been reported 
to reduce spontaneous and evoked synaptic activity in the 
neocortex43. Therefore, the observed changes in expression 
also suggest the strengthening of the basal level of synaptic 
plasticity and blood flow in the infralimbic cortex.

In the amygdala, whole period exposure to AGIQ pref-
erentially upregulated a number of genes after adult stage 
test 1 relative to developmental exposure, including Gria3, 
Grin2a, Grin2b, Slc17a7, Bdnf, and Arc. As mentioned, the 
BDNF/TrkB receptor complex upregulates Gria3 as well as 
Slc17a733, 34. ARC has been reported to interact with endo-
cytic machinery to regulate AMPA receptor trafficking and 
contribute to synaptic plasticity44. Therefore, the observed 
changes in expression found here also suggest the strength-
ening of the basal level of synaptic plasticity in the amyg-
dala.

Whole period exposure to AGIQ upregulated a number 
of genes, especially in the hippocampal dentate gyrus and 
amygdala, after adult stage test 2 that were unchanged or 
downregulated after adult stage test 1. In the hippocampal 
dentate gyrus, upregulation was observed for Efnb3, Epha4, 
Ephb2, Gria1, Gria2, Gria3, Grin2a, Grin2b, Grin2c, Sl-
c17a7, Egr1, and Mapk1. Efnb and Eph encode an Ephrin li-
gand and Eph receptor family, and Ephrin and Eph are clas-
sified into two subgroups: EphrinA or EphrinB and EphA 
or EphB, respectively45. EphA4 and EphB2 regulate NMDA 
and AMPA receptor functions and neuronal morphology, 
which are believed to function in memory formation45. Pre-
viously, we observed reduced number of EphA4+ cells in the 
GCL at the end of developmental hypothyroidism induced 
by maternally administered 6-propyl-2-thiouracil (PTU), 
and in turn, an increased number of EphA4+ cells in the GCL 
was observed at the adult stage after cessation of PTU ex-
posure, in parallel with the increased number of ARC+ cells 
in the GCL46. These results may suggest enhanced synaptic 
plasticity mediated by ARC and involving Eph induction 
at the adult stage. As mentioned above, AMPA receptors, 
NDMA receptors, and VGLUT1 are involved in synaptic 
plasticity. Moreover, Egr1 encodes an IEG and is known to 
be involved in modulating synaptic plasticity10, 47. Further-
more, Mapk1 encodes a member of the MAPK protein fam-
ily, ERK2, that is crucial for regulating synaptic plasticity48. 
In the amygdala, the upregulation of Slc17a6 and Fos was 
observed, in addition to the upregulation of Efnb3, Ephb2, 
Gria1, Gria2, and Grin2c in the hippocampal dentate gy-
rus. Slc17a6 encodes VGLUT2, which is one of the major 
VGLUT isoforms and acts as a glutamate transporter in glu-
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tamatergic neurons32. Therefore, genes upregulated in the 
hippocampal dentate gyrus and amygdala specifically after 
adult stage test 2 may be involved in the enhancement of 
learning-dependent synaptic plasticity by AGIQ exposure.

We previously found transcript upregulation of Fos in 
the hippocampal dentate gyrus and of Grin2d in the amyg-
dala after whole period exposure to AGIQ9. AGIQ also in-
creased the number of FOS+ hippocampal granule cells. 
In that study, we examined immunohistochemical cellular 
number in animals that were not subjected to behavioral 
tests. In the present study, while the change was not statisti-
cally significant, we observed more FOS+ granule cells after 
whole period exposure than that in the untreated controls 
after adult stage test 1. Moreover, increased Fos transcript 
levels were observed in the hippocampal dentate gyrus in 
these animals. These results are similar to those of our pre-
vious study9. Conversely, the Grin2d transcript level in the 
amygdala after whole period exposure in the present study 
was unchanged or lower than what was observed in the un-
treated controls in adult stage tests 1 and 2. This was incon-
sistent with the results of our previous study. Although the 
reason why the increased expression of Grin2d in the amyg-
dala was not reproduced is unclear, genes encoding other 
NMDA receptor-subunits were upregulated after both adult 
stage tests in the present study.

We previously found increased transcript levels of 
Kif21b in the hippocampal dentate gyrus after whole period 
exposure to AGIQ9. In the present study, similar findings 
were obtained after both adult stage tests 1 and 2, which 
suggests the constitutive upregulation of Kif21b. Further-
more, we found increased transcript levels of Elmo1 after 
adult stage test 1 in rats that experienced whole period 
exposure. Elmo1 encodes engulfment and cell motility 1 
(ELMO1), which along with KIF21B has been reported to 
control long-term depression through modulation of the 
RAC1 activation/inactivation cycle in the hippocampus12. 
Therefore, these results suggest that an enhanced RAC1 
activation/inactivation cycle through the upregulation of 
ELMO1 and KIF21B may also contribute to the facilitation 
of fear extinction learning.

In conclusion, the present study revealed that continu-
ous exposure to AGIQ from the fetal stage to adulthood is 
necessary for facilitating fear extinction learning at the adult 
stage. Immunohistochemical and gene-expression analy-
ses revealed that facilitation of extinction might involve 
both constitutive and learning-dependent upregulation of 
synaptic plasticity-related genes/proteins which are likely 
differentially involved in the brain regions regulating fear 
memory. In particular, the results suggest that new learning-
related neural circuits for facilitating fear extinction could 
be established in the mPFC.
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