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Introduction
Viral infection in women during pregnancy is associated with 
an increased prevalence of neurodevelopmental disorders such 
as autism spectrum disorder (ASD) and psychiatric disorders 
such as schizophrenia (SCZ) in offspring.1,2 In the widely 
used maternal immune activation (MIA) rodent model, off-
spring from pregnant mice infected with influenza virus or 
injected intraperitoneally (i.p.) with lipopolysaccharide (LPS) 
or synthetic double strand RNA [polyinosinic-polycytidylic 
acid; poly(I:C)], a viral infection mimetic that strongly induces 
inflammation, exhibit behavioral abnormalities similar to 

those observed in ASD and/or SCZ.3,4 Administration of 
poly(I:C) results in a prominent increase in several serum 
cytokines, such as tumor necrosis factor-α (TNF-α), 
interferon-β (IFN-β), interleukin-6 (IL-6), IL-1β, and 
IL-17A. Recent evidence suggests that IL-17A is a possible 
mediator underpinning MIA-induced ASD pathogenesis.5-10 
MIA-induced abnormalities associated with ASD were 
reported to be completely rescued in offspring of poly(I:C)-
injected mothers pretreated with IL-17A blocking antibody. 
Additionally, direct injection of recombinant IL-17A into the 
fetal brain resulted in similar abnormalities in cortical 
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development and ASD-like behavioral phenotypes.5 However, 
the ability of IL-17A to pass through the placental barrier and 
act directly on fetal brain cells remains controversial.

The kynurenine pathway (KP) is the major route of the 
essential amino acid L-tryptophan (TRP) catabolism in 
mammalian cells. The first-rate limiting enzyme of the KP is 
indoleamine-2,3-dioxygenase1 (IDO1), which has been 
widely studied due to its important role in mediating immu-
notolerance, especially materno-embryonic-tolerance.11 
IDO1 is activated by several pro-inflammatory cytokines, 
such as IL-6, TNF-α, and IFNs. Activation of the KP follow-
ing neuroinflammation can generate various endogenous 
neuroactive KP metabolites. The pivotal metabolite of the 
pathway, L-kynurenine (KYN), is the precursor of several 
neuroactive metabolites. Previous studies have shown that 
kynurenic acid (KYNA), a KP metabolite, might be involved 
in various psychiatric disorders, such as SCZ and depression. 
In SCZ, elevated levels of KYNA are observed in postmor-
tem brains and cerebrospinal fluid,12,13 and are most likely 
associated with the cognitive deficits observed in SCZ. 
Experimentally, increased levels of KYNA in the rat embry-
onic brain are associated with cognitive impairments in adult-
hood.14 Furthermore, we and others have demonstrated that 
endogenous KYN, KYNA, and anthranilic acid (AA) levels 
are markedly increased in mice with deletion of kynurenine 
3-monooxygenase (KMO), which is the second rate-limiting 
enzyme in KP and catalyzes KYN into 3-heydroxykynure-
nine (3-HK). These studies demonstrated that the offspring 
of KMO knockout dams exhibit both ASD-like and depres-
sion-like behaviors.15,16 Goeden et  al17 reported that acute 
increases in KYN levels in maternal blood rapidly increase 
KP metabolite levels in the fetal brain, indicating the capabil-
ity of KYN to cross the placenta and increase the levels of 
neuroactive compounds in the fetal brain. Although KP 
metabolites are neuroactive and possibly affect embryonic 
neurodevelopment,18 the relationship between MIA and 
changes in KP metabolites during pregnancy is unclear.

Given that the possible association of the KP and its neu-
roactive metabolites with inflammation, cognitive impair-
ment, and fetal neuro development, we assumed that maternal 
inflammation (MIA) induced by IL-17A is associated with 
the pathology of ASD, mediated via activation of the KP. 
Therefore, we investigated the relationship between MIA and 
KP metabolites in offspring in this study. In the first set of 
experiments, we induced chronic MIA by continuous expres-
sion of IL-17A in C57BL/6J mice from embryonic day 12.5 
(E12.5) and investigated behavioral changes related to ASD, 
cognitive function, and depression. Since we hypothesized 
that KYN was a key metabolite that crossed the placenta and 
affected fetal brain development, we administered high con-
centrations of KYN to pregnant C57BL/6J mice on E12.5 
and performed the same behavioral tests in offspring in com-
plementary experiments.

Materials and Methods
Animals

This study was carried out in C57BL/6J mice obtained from 
Japan SLC, Inc. (Hamamatsu, Japan). Animals were maintained 
on a 12:12 hours light/dark cycle (lights on at 7:00 a.m.) in a tem-
perature- and humidity-controlled specific pathogen-free animal 
facility at Kansai Medical University. The mice had ad libitum 
access to food and water. The protocols for all animal experiments 
were approved by the Committee of Animal Care at Kansai 
Medical University and Tohoku University. All experiments were 
conducted in accordance with approved guidelines and regulations 
(approved number: #20-044 and #2019MdA-310).

Plasmid DNA

pCpG-mcs was purchased from InvivoGen (San Diego, CA, 
USA). pCpG-Muil17a was constructed by inserting the BglII/
NheI fragment containing mouse Il17a coding region into the 
BglII/NheI site of pCpG-msc, as described previously.19

Experimental design of maternal immune 
activation (MIA) model and L-kynurenine (KYN) 
administration

Mice were mated overnight, and females were checked for the 
vaginal plugs in the next morning, designated as embryonic day 
0.5 (E0.5).

Experiment 1: MIA model.  The prepared plasmid pCpG-
Muil17a was dissolved in normal saline and injected into the 
tail veins of pregnant female mice over 5 seconds on E12.5 
(MIA mice), as described previously.19 The injection volume 
was approximately 9% (v/w) of body weight. The doses of 
pCpG-Muil17a used were 0.1 pmol/mouse. To eliminate the 
possibility of tissue damage and/or inflammation from the 
hydrodynamic injection, a control plasmid, which was an empty 
vector without the Il17a coding sequence (pCpG-mcs), was 
injected (0.1 pmol/mouse, control mice). To confirm mIl17a 
expression, maternal serum was collected on 2, 4, 6, and 7 days 
after gene transfer, and the concentration of IL-17A was meas-
ured using ELISA, according to the manufacturer’s protocol 
(R&D Systems, Inc., Minneapolis, MN, USA). Gestation and 
parturition were allowed to proceed normally. However, when 
maternal stress following hydrodynamic injections impacted 
the nursing of pups by dams, CD-1 mice were used as fostering 
mothers from postnatal day 0 (P0) until the pups were weaned 
on P28 for both control and MIA mice (Figure 1(a)).

Experiment 2: KYN administration.  The mice were divided 
into 2 groups: KYN-treated animals were intraperitoneally 
administered with KYN [100 or 300 mg/kg bodyweight, dis-
solved in 5% NaOH and 0.2 M phosphate-buffered saline 
(PBS), pH 7.4] from E12.5 to E19.0 once per day (+KYN 
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Figure 1.  Experimental design of maternal immune activation (MIA) and kynurenine administration. (a) Experiment 1: dams were injected with pGpG-mcs 

(control vector) or pCpG-Muil17a (IL-17A-expressing vector) on embryonic day 12.5 (E12.5) at a dose of 0.1 pmol/mouse. CD-1 mice were used as 

fostering mothers on postnatal day 0 (P0) until weaning of pups on P28 for both control and MIA mice. Experiment 2: dams were injected intraperitoneally 

with vehicle (5%NaOH + phosphate-buffered saline; PBS) or kynurenine (KYN) at a dose of 100 or 300 mg/kg body weight/day from E12.5 until E19.0. All 

pups remained with the same dams until weaning on P28. For both experiments, maternal serum, placenta, fetal-pooled plasma and brain regions were 

acquired at E18.5 for the measurement of tryptophan (TRP) metabolites. Behavioral tests were performed in adult animals between P56 and P70. All 

animals were euthanized on P77 for measurement of TRP metabolites in adult brain region. (b) Serum concentrations of maternal IL-17A (N = 3-4 mice per 

group, 3 independent experiments) at E14.5 until birth (E19.5) in pCpG-mcs- or pCpG-Muil17a-injected mothers. Data are represented as 

means ± standard error of the mean (SEM). Student’s t-test, **P < .01, ****P < .0001 versus control (pCpG-mcs-injected mice).
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mice), whereas the control dams were injected intraperitoneally 
with the vehicle (5% NaOH and 0.2 M PBS) from E12.5 to 
E19.0 once per day (+PBS mice) (Figure 1(a)). L-kynurenine 
hydrate was purchased from Tokyo Chemical Industry CO., 
LTD (Tokyo, Japan). The dose of KYN was selected based on 
previous studies.17,18,20 Gestation, parturition, and weaning of 
pups proceeded normal. All pups remained with the same dams 
until weaning on P28, following which the mice were group-
housed at a maximum of 5 per cage with same-sex littermates.

For both experiments, offspring were subsequently used for 
behavioral tests from P56 to P70. Mice were euthanized under 
anesthesia for collection of blood and brains, 1 week following 
the conclusion of all behavioral testing to minimize the influ-
ence of behavioral tests. Each measurement was obtained from 
an analysis of offspring from at least 3 pregnant females used 
for each treatment, yielding at least 7 to 10 offspring in total 
for analysis.

Sample collection for maternal serum, placenta, fetal 
plasma and brain

Mice were deeply anesthetized with 2% isoflurane (FUJIFILM 
Wako Pure Chemical Co., Osaka, Japan), and blood was col-
lected from the abdominal vena cava from each dams at E18.5. 
Offspring were sacrificed and trunk blood was collected as 
pooled plasma from the same dam. At the same time, placenta 
was collected from each offspring. The entire brain was quickly 
removed, and the fetal brain was manually dissected into the 
pallium (cortex) and subpallium (basal ganglia) on ice-cold 
saline and immediately frozen because these regions have a dis-
tinct molecular patterning and strikingly different develop-
mental potentials.

RNA extraction and reverse transcription 
quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from the brains of E14.5 fetuses using 
the Invitrogen Trizol protocol (Thermo Fisher Scientific Inc, 
MA, USA), and reverse transcribed using PrimeScript II 1st 
strand cDNA synthesis kit (TaKaRa Bio Inc, Shiga, Japan) 
according to the manufactures’ protocols. RT-qPCR with SYBR 
green detection was performed using a LightCycler® Nano 
(Roche Diagnostics, Mannheim, Germany). Original primers 

for qPCR were designed using Universal ProbeLibrary Assay 
Design Center (Roche Diagnostics, Mannheim, Germany). The 
forward and reverse primer sequences used in this study are 
given in Table 1. The primers were assessed based on the speci-
ficity of the PCR product and efficiency. Specificity was verified 
by single peak in melting curve analysis. The qPCR assay for 
unknown samples was performed simultaneously with positive 
control samples in the same run. The cycling parameters for all 
genes were as followings: initial denaturation at 95°C for 10 min-
utes, then 45 cycles at 95°C for 10 seconds, 60°C for 10 seconds, 
and 72°C for 10 seconds, sequentially. All transcripts in each 
known sample were measured in duplicates. Expression values 
were normalized to that of 18S rRNA and reported in units of 
2-ΔCq, where ΔCq is the difference of Cq values between the 
target and 18S rRNA transcripts in the same sample.

Behavioral tests

All behavioral tests were performed between 9:00 a.m. and 
6:00 p.m. Male mouse offspring at ages of P56-P70 were used. 
The open-field test (OFT), Y-maze, novel object recognition 
test (NORT), 3-chamber social approach test, 5-trial social 
recognition memory test, and forced swim test (FST) were 
performed sequentially, as described previously.21 To reduce the 
influence of prior tests, the sequence of behavioral tests was 
ordered from a low to high degree of stress. Behavioral tests 
were performed in an experimental room which was sound-
attenuated and air-regulated, and mice were habituated in this 
room for 1 hour prior.

Open-field test (OFT).  The OFT was performed according to the 
method outlined in previous studies, with minor modifications.16,21 
To measure locomotor activity and anxiety in a novel environ-
ment, each mouse was placed in a transparent acrylic cage with a 
gray frosted Plexiglas floor (40 cm × 40 cm × 30 cm). The loco-
motion behaviors and time spent in each area were measured 
every 1 minute for 10 minutes using the Any-maze video-track-
ing system (Stoelting Co., Wood Dale, IL). A light (200 lux) was 
positioned 100 cm above the center of the floor. The arena was 
cleaned between testing session with 70% ethanol. To assess the 
process of habituation to the novelty of the arena, mice were 
exposed to the apparatus for 10 minutes per day over 2 consecu-
tive days. Habituation behavior was evaluated as the percentage 

Table 1.  Sequence of primers and product size.

Real-time PCR Accession no. Forward primer (5′-3′) Reverse primer (5′-3′) Amplicon (bp)

IL-17A receptor subunit

  mIl-17ra NM008359.2 TGTGTTGCATGTTGAGTGGA GGACGGACAGCTCTGCAC 74

  mIl-17rc NM178942.1 TGAAGTCCGGGACAGCAT CACCATCTGTAGACACATTGAGC 65

Reference gene

  18S rRNA NM003278.3 GCCGCTAGAGGTGAAATTCTT CGTCTTCGAACCTCCGACT 106
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of total distance traveled on the second day to that traveled on 
the first day. Although habituation in the OFT upon repeated 
exposures depends on the inbred mouse strain, inbred C57BL/6J 
male mice normally show habituation and decreased activity 
levels.22

Y-maze test.  Spontaneous alternation behavior of mice in a 
Y-maze, an index of short-term memory, was assessed accord-
ing to the methods outlined in previous reports.16,21 The 
Y-maze apparatus consisted of gray frosted Plexiglas, with each 
arm measuring 40 cm × 10 cm × 12 cm (L × W × H), tapering 
to 3-cm wide at the bottom. The arms converged to a triangu-
lar center, 4 cm per side. Each mouse was placed at the end of 1 
arm and allowed to move freely throughout the maze during an 
8-minutes session. The series of arm entries was observed visu-
ally and recorded. Spontaneous alternation behavior was 
defined as the consecutive entry into all 3 arms (ie, arm A, arm 
B, and arm C) in triplet sets (ie, ABC, ACB, BAC, BCA, CAB, 
and CBA). Alternation behavior was calculated as the ratio of 
actual alternations to possible alternations (defined as the total 
number of arm entries—2) ×100, and was presented as a per-
centage, as described previously.21

Novel-object recognition test (NORT).  The NORT was per-
formed in accordance with the method outlined in previous 
reports.21,23 The test procedure consisted of 3 sessions: habitu-
ation, training, and retention. The habituation session con-
sisted of a 10-minutes exploration time in an acrylic cage with 
a gray frosted Plexiglas floor (30 cm × 30 cm × 35 cm) without 
any objects for 2 days. During the training session, 2 objects 
were placed in a back corner of the box. The objects included a 
wooden square pyramid, a golf ball, and a cylindrical metal dry 
cell, which were different in shape, color, and material, but were 
of similar size. Each mouse was individually placed midway 
toward the front of the box, and the total time spent exploring 
the object was recorded for 10 minutes. A mouse was consid-
ered to be exploring the object when their heads was facing the 
object or when they were touching or sniffing the object. Dur-
ing the retention session, the mouse was placed back into the 
same cage 24 hours after the training session, but one familiar 
object used during training was replaced with a novel object. 
The mouse was then allowed to explore freely for 5 minutes, 
and the time spent exploring each object was recorded. 
Throughout the experiments, the objects were used in a coun-
terbalanced manner in terms of their physical complexity and 
emotional neutrality. The discrimination index, calculated as 
the ratio of the time spent exploring the novel object (retention 
session) over the total time spent exploring both objects, was 
used to measure cognitive function.

Three-chamber social approach test.  The three-chamber social 
approach test is known as Crawley’s sociability and preference 
for social novelty protocol and has been successfully employed 
to study social affiliation and memory. The test was performed 

according to the methods outlined in previous studies with 
minor modifications.5,24 Experimental mice were habituated in 
a three-chamber arena for 10 minutes/day for 2 days before 
testing. Age- and size-matched C57BL/6J male target subjects 
(“stranger1” and “stranger2”) were habituated by placing them 
inside wire cages for 30 minutes before the test. The social test 
apparatus consisted of an acrylic cage (57 cm × 45 cm × 30 cm) 
with partitions dividing the cage into 3 chambers. The wire 
cages used to contain the stranger male mice were cylindrical 
with 11-cm high, 10.5-cm bottom diameter, and 1-cm bars 
spaced (Galaxy Cup, Spectrum Diversified Designs). For the 
sociability test, the test animal was introduced to the middle 
and left chamber to habituate for 10 minutes. Following this 
period, the middle chamber doors were opened, and the test 
mouse was allowed to freely explore all 3 chambers for addi-
tional 10 minutes. The test mouse was then returned to the 
middle chamber; subsequently, an unfamiliar mouse (stranger 
1) was introduced into the wire cage in one of the side-cham-
bers, while the other wire cage was empty (E) on the other 
side-chamber. The doors were then opened, and the test animal 
was allowed to freely explore all 3 chambers over a 10-minutes 
session. Following this session (session 1), the test mouse was 
returned to the middle chamber. A novel stranger mouse 
(stranger 2) was put in the previously empty wire cage; the test 
mouse was allowed to explore for a 10-minutes session again 
(session 2). The time spent by the mouse (nose-point) in close 
proximity (~2 cm) to the wire cages was measured as interac-
tion time (ie, sniffing time) to evaluate the approach behavior. 
Each session was recorded, and the object exploration time was 
analyzed using the Any-maze tracking system. Arenas and 
contents were thoroughly cleaned with 70% ethanol between 
sessions. Multiple social targets from different home cages 
were used for testing to prevent potential odorant confounds 
from target home cages.

Five-trial social recognition memory test.  This test assesses cog-
nition and sociability, namely the ability to recognize novel ver-
sus familiar animals. The test was performed according to the 
methods outlined in previous reports.21,25 Experiment mice 
were habituated in the test arena for 10 minutes/day for 2 days 
before testing. Age- and size-matched C57BL/6J male stimu-
lus mice were used and habituated to a cylinder holder made of 
transparent acryl (30-cm high, 10.5 cm-diameter with 16 holes 
of 0.5-cm diameter) for 30 minutes before testing. In this test, 
the same stimulus animal was used for both acquisition and 
recognition phases (intruder 1). Over the course of multiple 
exposures, experiment mice became habituated to intruders 
and no longer regarded as interesting as they did for completely 
novel intruders. During testing, each experiment mouse was 
given four 5-minutes exposures, with 15 to 20 minutes interval 
period, in a transparent acrylic box (60 cm × 60 cm × 30 cm). In 
the fifth trial, the experiment mice encountered an entirely 
novel intruder (intruder 2). All test trials were recorded with 
Any-maze tracking system, and total investigating time was 
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subsequently analyzed. The time spent by each mouse (nose-
point) in close proximity (~2 cm) to the cylinder holder was 
measured as interaction time (ie, sniffing time, approach) to 
evaluate the approach behavior.

Forced swim test (FST).  The FST is a standardized test of depres-
sive-like behaviors, whereby depression is inferred from increased 
durations of immobility. This test was conducted as described 
previously,16,19 with minor modifications. Mice were individually 
placed in a transparent glass cylinder (20-cm high, 8-cm diame-
ter) that contained water at 22 ± 1°C to a depth of 13.5 cm and 
were forced to swim. All mice were subjected to 15-minutes 
training under same conditions 24 hours before testing. Each test 
was video-recorded and the duration of immobility was analyzed 
using TopScan behavior analysis system (CleverSys, Inc., VA, 
USA) during the last 5 minutes of the 6-minutes test.

Measurements of tryptophan and its metabolites

Serum was diluted (4:1, v/v) in 10% perchloric acid (PCA) for 
measurements of KP metabolites. After thorough mixing, the 
precipitated proteins were removed by centrifugation (7000 
g × 10 minutes, 4°C), as described previously.26 Brain tissues 
were weighed and homogenized (1:3, w/v) in 10% PCA. After 
homogenization, the precipitated proteins were removed by cen-
trifugation (17,000 g × 30 minutes, 4°C), and 40 µL of the super-
natant was subjected to high-performance liquid chromatography 
(HPLC) analysis for measurements of KP metabolites. TRP 
metabolites were measured as reported previously and according 
to the manufacturer’s protocol, with slight modifications.26 TRP, 
KYN, KYNA, AA, and 3-HAA were gradient-eluted from a 
reverse-phase chromatography column (CAPCELL PAK 
ADME S3, 100 mm [L] × 2.1 mm [internal diameter; ID], 
3-µm particle size, Osaka Soda Co., LTD, Osaka, Japan) with a 
mobile phase containing 10 mM ammonium formate buffer 
(pH 4.0), and 0% to 25% (v/v) gradient of acetonitrile at a flow 
rate of 0.2 mL/minutes. TRP and KYN were detected using an 
ultraviolet and visible spectrophotometric detector (UV detector, 
SPD-20A, Shimadzu Co., Kyoto, Japan; UV wavelengths for 
TRP and KYN were 280 and 254 nm, respectively). KYNA, AA, 
and 3-HAA were detected using a fluorescence spectrometric 
detector (RF-10Axs, Shimadzu Co., Kyoto, Japan) under the 
following conditions: for KYNA, the excitation (Ex) wavelength 
was 334 nm, and the emission (Em) wavelength was 380 nm; for 
AA and 3-HAA, the Ex wavelength was 320 nm, and the Em 
wavelength was 420 nm. 3-HK was measured using HPLC with 
an electrochemical detector (Eicom ECD-300; oxidation poten-
tial: +0.55 V) and a chromatographic column (EICOMPAK 
SC-50DS, 150 mm [L] × 3.0 mm [ID], 3-µm particle size, 
Eicom Co., Kyoto, Japan) with a mobile phase of 0.59% (v/v) 
phosphoric acid, 0.27 mM EDTA, 8.9 mM sodium heptane sul-
fonic acid, 0.9% (v/v) trimethylamine, and 1.5% (v/v) acetonitrile 
at a flow rate of 0.5 mL/minutes.

Statistical analysis

All results are expressed as means ± standard error of mean 
(SEM) for each group. Student’s t-test was used to compare 2 
sets of data. Intergroup comparisons were made using 1-way 
ANOVA, followed by the Tukey’s multiple comparison test. For 
comparisons of more than 3 groups, two-way ANOVA was 
used, followed by the Bonferroni’s multiple comparison test. 
GraphPad Prism version 8.4.3 (GraphPad Software, San Diego, 
USA) was used for statistical analysis and generation of graphs. 
A P-value less than .05 was considered statically significant.

Results
Maternal IL-17A promoted behavioral 
abnormalities in offspring

ASD-relevant behavioral abnormalities have been reported in 
adult poly(I:C)-induced MIA offspring.5,8 To confirm that 
the MIA mice used in this study exhibited relevant behavioral 
abnormalities, we conducted several behavioral tests, includ-
ing the novel OFT, Y-maze, NORT, three-chamber social 
approach, five-trial social recognition memory tests, and FST. 
In the OFT, no significant difference was observed in total 
distance traveled by MIA mice in a novel environment on day 
1, and habituation was unchanged on day 2, compared to con-
trol mice (Figure 2(a)). A significant decrease was observed in 
total distance traveled by MIA mice in the habituated envi-
ronment on day 2, compared to control mice. A significant 
decrease in time spent in the center of the open field was 
observed as well, which is an indicator of increased anxiety-
like behavior, as observed in MIA mice across both days 
(Figure 2(a): Student’s t-test, day 1, t = 2.621, P < .05 and day 
2, t = 2.800, P < .05, vs control mice). In the Y-maze test, 
MIA mice demonstrated a tendency to engage in reduced 
spontaneous activity and unaltered working memory when 
compared to control mice, as indicated by the percentage of 
spontaneous alternation behaviors (Figure 2(b)). In the 
NORT, performance was significantly lower in MIA mice 
than in control mice (Student’s t-test: t = 10.46, P < .0001; 
Figure 2(c)). In the social approach test which used a three-
chamber box, both MIA and control mice spent more time in 
the chamber containing a stranger mouse than in the empty 
chamber [2-way ANOVA: Fstranger1 (1, 30) = 24.79, P < .0001; 
FMIA (1, 30) = 0.05, P = .8172; Fstranger 1 × MIA (1, 30) = 0.09, 
P = .7676; Figure 2(d)]. No significant difference was observed 
between MIA and control mice in the time spent in the 
chamber containing the stranger mouse. However, when both 
stranger and familiar mice were placed in different chambers, 
control mice spent a significantly longer time in the chamber 
containing the stranger mouse than in that containing the 
familiar mouse, but the durations were not significantly dif-
ferent to those of MIA mice [2-way ANOVA: Fstranger2 (1, 
30) = 8.38, P < .001; FMIA (1, 30) = 1.53, P = .226; Fstranger 2 × 

MIA (1, 30) = 5.63, P = .0243; Figure 2(d)]. In the five-trial 
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Figure 2.  (Continued)
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Figure 2.  Behavioral abnormalities in maternal immune activation (MIA) mice. (a) Locomotor activity and anxiety-like behavior in novel and habituated 

environments. Total distance traveled for 10 minutes was measured as an index of locomotor activity on 2 consecutive days. Time spent in each area was 

measured. A significant decrease in time spent in the center of the open field, which is an indicator of increased anxiety-like behavior, was observed in MIA 

mice, but not in control mice (Student’s t-test, *P < .05 vs control mice). Additionally, habituation to a novel environment was evaluated. The ratio 

(percentage) of total distance traveled on the second day to that traveled on the first day was significantly decreased in both groups during repeated trials, 

suggesting no changes in habituation of MIA mice to the novel environment [two-way analysis of variance (ANOVA) with Bonferroni’s multiple comparison 

test: *P < .05, ***P < .001 vs percentage of the first day]. (b) Spontaneous activity and working memory in the Y-maze test. Total arm entries and alternation 

behavior were measured during an 8-minutes session. (c) Object recognition memory was measured in a novel object-based recognition test (NORT). A 

memory retention session was performed 24 hours after the training session. The discrimination index was calculated as described in the Methods 

(Student’s t-test: ***P < .001 vs control mice). (d) Three-chamber social approach test. Duration parameters are presented as investigation times (two-way 

ANOVA with Bonferroni’s multiple comparison test: *P < .05, **P < .01 vs Empty; ###P < .001 vs stranger1). No significant difference was observed between 

groups. Empty, empty cage. (e) Five-trial social recognition memory test. The investigation time in repeated trials was significantly shorter in MIA mice than 

in control mice (Trials 1 and 5; two-way repeated measures ANOVA: *P < .05, **P < .01 vs control mice). (f) Immobility of MIA and control mice in a forced 

swimming test (FST) (Student’s t-test: *P < .05 vs control mice). Data are presented as means ± standard error of the mean (SEM; n = 7-11).

social recognition memory test, MIA mice exhibited signifi-
cant differences in mean investigation time in the first trial 
with intruder 1 and in the fifth trial with a novel intruder 
[2-way repeated measure ANOVA: FMIA (1, 16) = 11.75, 
P < .01; Ftrials (2.09, 31.35) = 17.19, P < .0001; FMIA × trials (4, 
60) = 3.529, P = .0119; Figure 2(e)]. These results indicated 
that MIA altered social behavior and social recognition abil-
ity. In addition, the MIA mice exhibited significantly 
increased immobility time in the FST, compared to control 
mice (Student’s t-test, t = 3.248, P < .05, Figure 2(f )).

Maternal IL-17A activated the KP and increased 
KYN levels in maternal serum, placenta and fetus
Administration of poly(I:C) to dams increases the serum levels 
of IL-17A in dams and IL-17A receptor subunit A (IL-17Ra) 
expression in the cortex of the fetal brain. These results suggest 
that maternal IL-17A-dependent pathway mediates abnormal 
phenotypes in offspring following in utero MIA due to expo-
sure of the fetal brain to increased levels of IL-17A.5 To con-
firm whether MIA mice used in this study exhibited increased 
levels of IL-17Ra in the fetal cortex, we examined IL-17Ra 
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and IL17-Rc (receptor subunit for IL-17A) mRNA expression 
using qPCR. No significant changes were noted in the expres-
sion of IL-17Ra and IL-17Rc mRNA in fetal brain on E14.5 
following induction of MIA (Student’s t-test; mIl17ra, 
t = 1.070, P > .05; mIl17rc, t = 0.6846, P > .05; Figure 3(a)). 
Several pro-inflammatory cytokines, such as IL-6 (upstream of 
IL-17A), TNF-α and IFNs, are able to induce the KP. We 
therefore hypothesized that IL-17A may induce the KP. KYN 
levels in maternal serum were significantly increased in MIA 
mice relative to those in control pregnant mice (control vs 
MIA, 1.54 ± 0.12 vs 3.51 ± 0.46 µM; t = 5.28, P < .0001, 
Student’s t-test; Figure 3(b)). AA levels were significantly 
decreased in MIA mice compared to those in control mice 
(t = 2.31, P < .05, Student’s t-test; Table 2). No significant dif-
ferences were observed in the levels of KYNA (Figure 3(b)), 
3-HK and 3-HAA (Table 2) in maternal serum. The KYN/
TRP ratio (reflecting IDO1 and TDO activity) exhibited 
higher values in MIA mice than in control mice (control vs 
MIA, 2.61 ± 0.14 vs 4.92 ± 0.60; t = 4.85, P < .0001, Student’s 
t-test; Figure 3(b)).

In the placenta, TRP and KYNA levels were significantly 
increased in MIA mice relative to those in control pregnant 
mice (control vs MIA, TRP; 37.6 ± 5.10 vs 65.0 ± 4.71 pmoL/
mg tissue; t = 3.58, P < .01, KYNA; 118.4 ± 1.93 vs 
836.7 ± 75.9 fmoL/mg tissue; t = 6.46, P < .001, Student’s 
t-test; Figure 3(c)). 3-HK levels trended to be higher in MIA 
mice, though without reaching reach statistical significance. In 
contrast, AA levels were significantly decreased in MIA mice 
(257.6 ± 29.1 vs 103.9 ± 10.4 fmoL/mg tissue; t = 6.31, 
P < .001, Student’s t-test; Table 2). No significant changes 
were observed in KYN and 3-HAA levels (Figure 3(c)) and 
Table 2). The KYN/TRP ratio was significantly decreased in 
MIA mice (control vs MIA, 27.1 ± 1.94 vs 16.4 ± 0.78; t = 6.27, 
P < .001, Student’s t-test; Figure 3(c)).

The levels of KYN in maternal serum were significantly 
increased in MIA-dams; therefore, we assessed whether mater-
nal IL-17A affected KP metabolites in fetal plasma and brain. 
KYN levels were significantly increased in MIA fetal plasma 
compared to control mice (control vs MIA, KYN; 2.59 ± 0.51 
vs 8.26 ± 0.89 µM; t = 4.55, P < .01, Student’s t-test; Figure 
3(d)). It was surprising that the KYNA levels in MIA offspring 
were greater than 10-fold higher than those of control fetus 
animals (156.1 ± 54.4 vs 1886 ± 489.1 nM; t = 2.65, P < .05, 
Student’s t-test). TRP levels trended to be higher in MIA fetal 
plasma than in control fetus, though without reaching statisti-
cal significance (Student’s t-test: t = 2.45, P = .050). 3-HK and 
3-HAA levels were also significantly increased in MIA fetal 
plasma compared to control mice (Table 2). AA levels varied in 
control fetus and did not reach statistical significance. The 
KYN/TRP ratio was significantly higher in MIA fetus than in 
control fetus (control vs MIA, 5.09 ± 0.86 vs 8.30 ± 0.52; 
t = 3.43, P < .05, Student’s t-test; Figure 3(d)). The subpallium 
is the source of various GABAergic interneuron, including 

striatum, and the pallium consists of the cerebral cortex and 
hippocampus (Figure 3(e)). KYN levels were significantly 
increased in both brain regions in MIA mice (Figure 3(f ) and 
(g)). KYNA levels were significantly increased only in the pal-
lium, and significantly deceased in the subpallium of MIA 
mice, as compared to control mice. AA levels trended to be 
higher in both regions of MIA mice than in control mice, 
though without reaching statistical significance (Table 2). No 
significant differences were observed in the levels of 3-HK and 
3-HAA in both regions of fetal brain (Table 2). The KYN/
TRP ratio was significantly higher in the pallium of MIA mice 
compared to control mice, but no changes were observed in the 
subpallium (Figure 3(f ) and (g)). We also investigated whether 
KYN promotes the production of IL-17A in dams following 
KYN administration after 90 minutes in E18.5 mice. The con-
centration of IL-17A was under 10 pg/mL and almost unde-
tectable (supplemental Figure 1). These results suggested that 
MIA induced by high maternal concentrations of IL-17A pro-
moted KP, and KYN was a potential key metabolite that 
crossed the placenta and affected the fetal brain development.

Low or high dose of KYN injection significantly 
increased KP metabolite levels in maternal serum, 
placenta and fetus

We measured KP metabolites in maternal serum 90 minutes 
after final administration of KYN at E18.5. As expected, KYN 
was significantly increased compared to mice treated with 
vehicle (PBS), as previously reported (Figure 4(a))17 (+PBS vs 
100 mg/kg vs 300 mg/kg, 0.62 ± 0.09 vs 39.2 ± 4.33 vs 
115.2 ± 12.2 µM; ****P < .0001 vs +PBS, ####P < .0001 vs 
+KYN 100 mg/kg, one-way ANOVA followed by Tukey’s 
multiple comparisons test; Figure 4(a)). KYNA levels were also 
increased after KYN administration (+PBS vs 100 mg/kg vs 
300 mg/kg, 134.2 ± 23.6 vs 701.4 ± 70.3 vs 1957 ± 237.8 nM; 
****P < .0001 vs +PBS, ####P < .0001 vs +KYN 100 mg/kg, 
one-way ANOVA followed by Tukey’s multiple comparisons 
test; Figure 4(a)). Both doses of KYN administered increased 
KYN and KYNA levels in maternal serum, but only a 300 mg/
kg KYN administration reached statistical significance as com-
pared to +PBS mice. TRP levels were significantly decreased 
following injection with both doses of KYN (+PBS vs +KYN 
100 mg/kg vs +KYN 300 mg/kg, 75.6 ± 3.57 vs 50.9 ± 1.71 vs 
50.7 ± 2.63 µM; ****P < .0001 vs +PBS, one-way ANOVA 
followed by Tukey’s multiple comparisons test; Figure 4(a)). 
The KYN/TRP ratio was significantly higher following KYN 
administration as compared to that in +PBS mice (+PBS vs 
+KYN 100 mg/kg vs +KYN 300 mg/kg, 1.28 ± 0.22 vs 
81.9 ± 10.4 vs 273.7 ± 38.7; ****P < .0001 vs +PBS, 
####P < .0001 vs +KYN 100 mg/kg, 1-way ANOVA followed 
by Tukey’s multiple comparisons test; Figure 4(a)). 3-HK and 
3-HAA also increased after KYN administration, but only 
3-HK reached statistical significance as compared to that in 
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Figure 3.  (Continued)



Murakami et al	 11

Figure 3.  Increased IL-17A levels in mothers transfected with pCpG-MuIl17a resulted in elevated levels of kynurenine (KYN) in the dams and fetus. (a) 

Relative IL-17Ra and IL-17Rc mRNA levels in embryonic day 14.5 (E14.5) fetal brains derived from pCpG-mcs- or pCpG-MuIl17a gene-transfected 

mothers at E12.5 (N = 4-5 mice per group, 2 independent experiments). Serum (b) and placenta (c) concentrations of tryptophan (TRP) metabolites in 

E18.5 dams (N = 7-11 mice per group, 3 independent experiments) after pCpG-mcs or pCpG-MuIl17a gene transfection into pregnant dams on E12.5. (d) 

Concentrations of TRP metabolites in fetal plasma at E18.5 (N = 3-5 pooled plasma per group). (e) Schematic presentation of E18.5 fetal brain structure. 

Hipp, hippocampus; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; POa, preoptic area; St, striatum. (f and g) Concentrations of 

TRP metabolites were measured in fetal brain regions of subpallium (f) and pallium (g) (N = 6-9 fetus per group, 2 independent experiments). Data are 

presented as means ± standard error of the mean (SEM). Student’s t-test, *P < .05, **P < .01, ***P < .001, ****P < .0001, vs control mice.

Table 2.  Tryptophan metabolites in maternal serum, placenta, fetal plasma and brain following pCpG-MuIl17a transfer at E18.5.

3-HK 3-HAA AA 

Maternal serum (nM)

  Control 56.7 ± 9.14 70.7 ± 20.2 251.7 ± 24.7

  MIA 72.1 ± 7.42 135.4 ± 23.9 165.0 ± 21.4*

Placenta (fmoL/mg tissue)

  Control 47.1 ± 11.0 19.2 ± 4.14 257.6 ± 29.1

  MIA 36.5 ± 2.57 17.0 ± 0.59 103.9 ± 10.4***

 (Continued)
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3-HK 3-HAA AA 

Fetal plasma (nM)

  Control 39.1 ± 3.81 50.8 ± 7.86 309.2 ± 108.5

  MIA 74.2 ± 8.81* 453.3 ± 32.3**** 245.5 ± 37.0

Fetal brain (fmoL/mg tissue)

Subpallium

  Control 117.5 ± 17.8 7.8 ± 0.66 24.7 ± 3.87

  MIA 108.4 ± 7.68 9.4 ± 1.18 29.8 ± 3.21

Pallium

  Control 81.3 ± 10.9 10.3 ± 1.26 19.6 ± 1.99

  MIA 80.0 ± 9.51 10.1 ± 0.93 33.5 ± 5.87

Data are presented as means ± standard error of the mean (SEM).
*P < .05, ***P < .001, ****P < .0001 vs control.

Table 2.  (Continued)

+PBS mice (Table 3). On the other hand, the AA levels were 
significantly decreased (Table 3). These levels returned to con-
trol levels within 12 hours of the administration (data not 
shown), suggesting that the KYN effect is very rapid in KP 
metabolites in dams.

As in maternal serum, maternal administration of KYN 
also increased the levels of KYN, KYNA, 3-HK, and 3-HAA, 
but the AA levels were significantly decreased in the placenta 
(Figure 4(b) and Table 3). The levels of KYN and KYNA were 
significantly increased compared to mice treated with vehicle 
(KYN; +PBS vs +KYN 100 mg/kg vs +KYN 300 mg/kg, 
9.9 ± 1.61 vs 132.4 ± 22.4 vs 293.1 ± 36.7 pmoL/mg tissue, 
KYNA; 0.076 ± 0.01 vs 0.69 ± 0.065 vs 2.92 ± 0.47 pmoL/
mg tissue, *P < .05, ****P < .0001 vs +PBS, ###P < .001, 
####P < .0001 vs +KYN 100 mg/kg, one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test; Figure 4(b)). The 
KYN/TRP ratio was significantly higher following KYN 
administration than that in +PBS mice (+PBS vs +KYN 
100 mg/kg vs +KYN 300 mg/kg, 34.0 ± 7.31 vs 372.8 ± 51.2 
vs 991.5 ± 137.9; *P < .05, ****P < .0001 vs +PBS, 
####P < .0001 vs +KYN 100 mg/kg, 1-way ANOVA followed 
by Tukey’s multiple comparisons test; Figure 4(b)).

Next, we analyzed KP metabolites in the fetus following the 
final administration of KYN after 90 minutes. As in maternal 
serum and placenta, the maternal administration of KYN also 
increased the levels of all KP metabolites in the fatal plasma 
(Figure 4(c) and Table 3). The levels of KYN and KYNA were 
increased compared to those in mice treated with vehicle 
(KYN; +PBS vs +KYN 100 mg/kg vs +KYN 300 mg/kg, 
3.39 ± 0.38 vs 126.6 ± 38.8 vs 386.1 ± 87.3 µM, KYNA; 
0.22 ± 0.05 vs 1.87 ± 0.25 vs 7.73 ± 2.83 µM, **P < .01, 
***P < .001, ****P < .0001 vs +PBS, #P < .05, ##P < .01, 
###P < .001 vs +KYN 100 mg/kg, one-way ANOVA followed 

by Tukey’s multiple comparisons test; Figure 4(c)), but only 
300 mg/kg KYN administration reached statistical significance 
as compared to that in +PBS mice.

A high dose of KYN administered to the dam significantly 
increased the levels of all KP metabolites in the fetal brain, 
regardless of the brain region (Figure 4(d) and (e), Table 3). A 
low dose of KYN administration also increased the levels of 
KYN, KYNA, and 3-HK in both regions of the fetal brain 
(Figure 4(d) and (e) and Table 3). AA levels were only increased 
by a high dose of KYN administration in the pallium, but no 
changes were observed in the subpallium (Table 3).

Consecutive maternal administration of high 
concentrations of KYN promoted behavioral 
abnormalities in offspring

Pocivavsek et  al18 demonstrated high embryonic KYN treat-
ment (the amount is equivalent to approximately 300 mg/kg per 
day) from E15 to E22 in rat induced hippocampus-related cog-
nitive dysfunction later in life. Therefore, we consecutively 
administered high concentrations of KYN to pregnant mice 
and conducted the same behavioral tests as those carried out in 
MIA mice. We subsequently investigated behavioral changes in 
the offspring. In the OFT, KYN-administered mice (+KYN 
mice) exhibited a significant decrease in total distance traveled 
in a novel environment on day 1 (Student’s t-test, t = 2.156, 
P < .05; Figure 5(a)) but not on day 2 (Student’s t-test, t = 1.002, 
P > .05), and habituation remained unchanged on day 2, when 
compared with PBS-administered mice (+PBS mice) (Figure 
5(a)). No significant differences were observed in the time spent 
in the center area of the open field in +PBS and +KYN mice 
across both days (Figure 5(a)). In the Y-maze test, +KYN mice 
exhibited significantly lower spontaneous activity and 
unchanged working memory when compared with +PBS mice 
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Figure 4.  (Continued)
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Figure 4.  Low or high dose of kynurenine (KYN) administration significantly increased the levels of tryptophan (TRP) metabolites in maternal serum, 

placenta, fetal plasma and brain. We measured TRP metabolites 90 minutes after final intraperitoneal injection in pregnant mice on embryonic day 18.5 

(E18.5) with either PBS (vehicle), low (100 mg/kg), or high (300 mg/kg) dose of kynurenine (KYN). The concentrations of TRP, KYN, kynurenic acid (KYNA) 

and the ratio of KYN/TRP in maternal serum (a) (N = 6-8), placenta (b) (N = 11-16, 3 independent experiments), fetal plasma (c) (N = 4-5 pooled plasma per 

group), and fetal brain region of subpallium (d) and pallium (e) (N = 22-30, 3 independent experiments). Data are presented as means ± standard error of 

the mean (SEM). One-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test, *P < .05, **P < .01, ***P < .001, ****P < .0001, 

versus + PBS mice, #P < .05, ##P < .01, ###P < .001, ####P < .0001, versus + KYN 100 mg/kg mice.

Table 3.  Tryptophan metabolites in maternal serum, placenta, fetal plasma and brain following low and high dose of kynurenine (KYN) injection at E18.5.

3-HK 3-HAA AA 

Maternal serum (nM)

  +PBS 42.6 ± 5.00 109.6 ± 28.7 210.5 ± 37.5

  +KYN 100 mg/kg 477.3 ± 30.0**** 243.2 ± 39.0 89.8 ± 12.6***

  +KYN 300 mg/kg 1034 ± 99.0****, #### 393.8 ± 81.3 93.3 ± 11.7***

Placenta (fmoL/mg tissue)

  +PBS 45.3 ± 7.06 24.7 ± 5.61 167.3 ± 11.5

  +KYN 100 mg/kg 771.4 ± 52.4**** 367.5 ± 58.9*** 109.1 ± 6.20****

  +KYN 300 mg/kg 860.3 ± 162.7**** 363.8 ± 45.5*** 90.6 ± 5.67****

Fetal plasma (nM)

  +PBS 40.6 ± 3.97 31.6 ± 13.7 239.3 ± 49.8

  +KYN 100 mg/kg 545.3 ± 35.9 405.8 ± 58.0**** 313.6 ± 35.1

  +KYN 300 mg/kg 1738 ± 420.3****, ### 568.0 ± 135.1*** 1038 ± 229.9***, ###

Fetal brain (fmoL/mg tissue)

Subpallium

  +PBS 79.0 ± 9.77 7.13 ± 0.83 21.3 ± 1.72

  +KYN 100 mg/kg 285.4 ± 42.4** 24.5 ± 2.71 24.6 ± 1.47

  +KYN 300 mg/kg 606.8 ± 57.4****, #### 85.4 ± 9.18****, #### 36.3 ± 3.61***, ##

Pallium

  +PBS 115.3 ± 26.8 10.1 ± 1.13 15.5 ± 1.40

  +KYN 100 mg/kg 363.2 ± 35.7** 28.5 ± 6.33 17.5 ± 0.98

  +KYN 300 mg/kg 660.6 ± 75.4****, ### 80.2 ± 8.88****, #### 15.5 ± 1.60

Data are presented as means ± standard error of the mean (SEM).
***P < .001, ****P < .0001 versus + PBS. ##P < .01, ###P < .001, ####P < .0001 versus + KYN 100 mg/kg.
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Figure 5.  (Continued)
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Figure 5.  Behavioral abnormalities in animals receiving a high dose of kynurenine (KYN) during the prenatal period. (a) Locomotor activity and anxiety-

like behavior in a novel and habituated environments. Total distance traveled for 10 minutes was measured as an index of locomotor activity on 2 

consecutive days. Time spent in each area was also measured. No significant difference in time spent in the center of the open field, which is an indicator 

of increased anxiety-like behavior, was observed between groups (Student’s t-test, *P < .05 vs + PBS mice). Additionally, habituation to a novel 

environment was evaluated. The ratio (percentage) of total distance traveled on the second day to that traveled on the first day was significantly 

decreased in both mouse groups over repeated trials, suggesting no differences in habituation to a novel environment [two-way analysis of variance 

(ANOVA) with Bonferroni’s multiple comparison test: ***P < .001 vs percentage of the first day]. (b) Spontaneous activity and working memory in the 

Y-maze test. Total arm entries and alternation behavior were measured during an 8-minutes session (Student’s t-test, *P < .05 vs + PBS mice). (c) Object 

recognition memory was measured in a novel object-based recognition test (NORT). Memory retention session was performed 24 hours after the training 

session. The discrimination index was calculated as described in the Methods (Student’s t-test: ***P < .001 vs control mice). (d) Three-chamber social 

approach test. Duration parameters are presented as investigation times (two-way ANOVA with Bonferroni’s multiple comparison test: ***P < .001 vs 

Empty; #P < .05 vs stranger1). No significant differences were observed between groups. Empty, empty cage. (e) Five-trial social recognition memory test. 

The investigation time in repeated trials was significantly shorter in MIA mice than in control mice (Trial 1; two-way repeated measures ANOVA: *P < .05 

vs control mice). (f) Immobility of + PBS and + KYN mice in a forced swimming test (FST) (Student’s t-test: ***P < .001 vs control mice). Data are presented 

as means ± standard error of the mean (SEM; n = 7-11).

(Figure 5(b)). In the NORT, +KYN mice displayed signifi-
cantly poorer performance when compared to +PBS mice 
(Student’s t-test: t = 4.67, P < .001; Figure 5(c)). We further 
investigated sociability and social novelty using a three-cham-
ber box. Both +PBS and +KYN mice spent more time in the 
chamber containing a stranger mouse than in the empty cham-
ber [2-way ANOVA: Fstranger1 (1, 38) = 96.25, P < .0001; FKYN 

administration (1, 38) = 1.23, P = .2735; Fstanger1 × KYN administration (1, 
38) = 0.56, P = .4582; Figure 5(d)]. No significant difference was 
observed between +PBS and +KYN mice, in the chamber 
containing the stranger mouse. When both stranger and famil-
iar mice were placed in different chambers, +PBS mice spent a 
longer time in the chamber containing the stranger mouse than 
in that containing the familiar mouse, but the durations were 

not significantly different to those for +KYN mice [2-way 
ANOVA; Fstranger2 (1, 37) = 6.60, P < .05; FKYN administration (1, 
37) = 0.60, P = .4442; Fstanger2 × KYN administration (1, 37) = 2.34, 
P = .1346; Figure 5(d)]. In the five-trial social recognition mem-
ory test, +KYN mice exhibited significant differences in the 
mean investigation time in the first trial with intruder 1 [two-
way repeated measure ANOVA: FKYN administration (1, 30) = 6.984, 
P < .05; Ftrials (4, 65) = 5.665, P < .001; FKYN administration × trials (4, 
30) = 0.879, P = .5003; Figure 5(e)]. These results indicated that 
maternal administration of high-dose KYN altered social 
behavior and social recognition ability, similar to that observed 
in MIA mice. Further, +KYN mice exhibited significantly 
longer immobility time in the FST when compared to +PBS 
mice (Student’s t-test, t = 4.019, P < .001; Figure 5(f )).
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Changes in KP metabolite concentrations in 
the adult brain following MIA and maternal 
administration of high concentrations of KYN

As MIA induced by poly(I:C) influences the expression of KP 
enzymes in adult rats27 and our model animals showed impaired 
cognitive function and depressive-like behavior, we assessed con-
centrations of KP metabolites in the adult prefrontal cortex 
(PFC) and hippocampus (Hipp) following MIA (experiment 1; 
Ex1) and maternal KYN administration (experiment 2; Ex2).

In PFC, AA levels were significantly increased in MIA and 
maternal KYN administrated mice (+KYN), as compared to 
those in control or +PBS mice (control vs MIA, 13.3 ± 0.74 vs 
19.4 ± 0.88 fmol/mg tissue; 45.7% increase; t = 5.28, P < .001; 
+PBS vs +KYN, 9.6 ± 0.64 vs 15.2 ± 2.50 fmol/mg tissue; 
58.3% increase; t = 2.65, P < .05 Student’s t-test; Figure 6(a)). 
TRP levels were significantly decreased in the MIA and 
+KYN mice (control vs MIA, 8.4 ± 0.90 vs 5.9 ± 0.35 pmol/
mg tissue; 29.8% decrease; t = 2.57, P < .05, +PBS vs +KYN, 
7.8 ± 0.50 vs 2.8 ± 0.30 pmol/mg tissue; 64.1% decrease; 
t = 7.40, P < .001, Student’s t-test). However, in both experi-
ments, no significant changes in levels of KYN, 3-HK, or 
3-HAA were observed in the PFC. The KYN/TRP ratio was 
significantly higher in the PFC of MIA and +KYN mice, as 
compared to control mice or +PBS mice (control vs MIA, 
15.5 ± 1.95 vs 23.0 ± 2.52, t = 2.38, P < .05; +PBS vs +KYN, 
14.3 ± 1.46 vs 22.7 ± 2.25, t = 3.02, P < .01, Student’s t-test). 
On the other hand, no TRP metabolites were significantly 
altered in the hippocampus of MIA nor +KYN mice, as com-
pared to control/+PBS mice (Figure 6(b)).

Discussion
Herein, we show that chronic maternal IL-17A expression 
during the pregnancy resulted in ASD-relevant behavioral 
phenotypes in offspring. High levels of maternal IL-17A also 
resulted in cognitive dysfunction and depression-like behavior. 
Notably, our results suggested that MIA induced by high con-
centration of IL-17A promoted the KP in mother and fetus 
and its pivotal metabolite, KYN, may be a key molecule that 
crossed the placenta and affected fetal brain development, 
resulting in behavioral abnormalities.

Our behavioral observations following chronic IL-17A 
expression during gestation are largely consistent with previous 
work using the poly(I:C)-induced MIA model.5,8 Offspring 
following MIA induced by IL-17A exhibited altered sociabil-
ity, increased anxiety-like and depression-like behavior, and 
impaired cognitive function (Figure 2). Shin et al6 showed that 
poly(I:C)-induced MIA promoted abnormal cortical forma-
tion in offspring, and that cortical abnormalities were preferen-
tially localized in the primary somatosensory cortex dysgranular 
zone (SIDZ), resulting in the dysregulation of neuronal activity 
and ASD-like behaviors. Previous studies have also demon-
strated that pretreatment with IL-17A blocking antibody res-
cued abnormal communication, social interaction deficits, and 

anxiety-behaviors in adult offspring from poly(I:C)-injected 
mothers.5 Taken together, these results indicate that the 
IL-17A in pregnant mice is critical for mediating the MIA-
induced behavioral phenotype in offspring. In contrast with 
these studies, Reed et al7 demonstrated that IL-17A can tem-
porarily rescue social deficits in adult offspring from poly(I:C)-
injected mothers. They also showed that the direct injection of 
IL-17A in the SIDZ of adult offspring exposed to MIA sup-
pressed abnormal neuronal activity and improved sociability 
phenotypes. These data suggested that IL-17A exerts bifacial 
roles and can induce 2 opposing behavioral outcomes, depend-
ing on when its upregulation occurs (during embryonic brain 
development or in the adult brain).

High IL-17 concentration during gestation may play 
important roles at various levels, such as dysregulation of blood 
pressure, redox balance, and maternal factors that may inde-
pendently regulate nutrient transfer, growth, and development 
in fetus.28 Several studies have suggested that IL-17 crosses the 
placenta and reaches developing brain tissue prior to BBB for-
mation (nearly E15.0 in mice), thereby, initiating downstream 
intracellular signal pathways, such as nuclear factor-kappa B 
(NF-κB) and extracellular signal-regulated kinase (ERK).5,9 
These signaling factors may directly alter synaptic gene expres-
sion and/or broader signaling cascades. However, trans-placen-
tal passage of IL-17 has not been demonstrated directly, such 
as using radiotracer studies. Despite the high levels of maternal 
IL-17A, no significant changes in IL-17Ra mRNA expression 
in the cortex of the fetal brain were observed (Figure 3(a)). 
Further, we were unable to detect mRNA of Il-17a in the fetal 
brain, and protein expression of IL-17A in fetal plasma (data 
not shown). Therefore, we speculate that another molecule may 
be responsible for MIA-induced phenotypes. The KP of TRP 
degradation comprises several neuroactive metabolites that 
influence brain function in health and disease. The KP is 
induced by several cytokines, and changes in KP metabolism 
during development are involved in the pathophysiology of 
neurodevelopmental and psychiatric disorders, such as ASD 
and SCZ.15,29 In addition, acute increases in KYN in maternal 
blood lead rapidly to substantial elevations in KYN levels in 
the placenta as well as fetal plasma and brain.17 This study 
indicated that KYN crossed from the mother to the placenta 
and reached the fetus in vivo. Therefore, we investigated 
whether chronic IL-17A expression during gestation influ-
ences the levels of KP metabolites in dams, placenta and off-
spring. First, we observed significantly higher levels of KYN 
and increased the ratio of KYN/TRP in MIA-maternal serum 
than those in control (Figure 3(b)). KYNA levels were signifi-
cantly elevated in the placenta, however, KYN levels remained 
unchanged and the KYN/TRP ratio was significantly decreased 
in the MIA-placenta compared to controls (Figure 3(c)). Next, 
we observed significantly higher levels of several KP metabo-
lites and an increased the ratio of KYN/TRP in the plasma of 
MIA-offspring than those in control (Figure 3(d)). Specifically, 
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Figure 6.  (Continued)
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the KYNA levels in fetal plasma were greater than 10-fold 
higher than those in the control fetus. In normal pregnancy, the 
KYN/TRP ratio is significantly increased in maternal serum 
compared to non-pregnant women and there are high levels of 
IDO1expression and KP activity in the placenta to prevent 
rejection of the allogenic fetus by maternal T cells.11,30 During 
pregnancy, the maternal immune system also changes and 
maintains a certain tolerance to the fetal allograft while pre-
serving innate and adaptive immune mechanisms to protect 
against microbial challenges.31 Under physiological conditions, 
the IL-17A pathway down-regulated TRP catabolism and 
completely antagonized the induction of IDO1 by IFN-γ in 
neutrophils during fungal infection.32 However, during 
Candidemia, an one of opportunistic infection, significantly 
higher IL-17A concentrations in patients serum have been 
shown alongside high KYN levels, compared with those in 
non-candidemic patients.33 These results suggested that the 
role of IL-17A on KP activation may depend on host immune 
conditions. Our data cannot exclude the possibility that 
IL-17A indirectly induced KP activation in maternal circula-
tion; however, KYN levels in serum were significantly increased 
and placental KP activation seems to be blocked by high 
IL-17A. Under physiological conditions, very little KYNA 
crosses through the placenta.17 On the other hand, previous 

studies have reported that the increased production of IL-17A 
rapidly increased not only the BBB, but also intestinal epithe-
lial barrier permeability. Both barriers are held together by 
tight junctions, similar to the placental barrier.34 These results 
suggested that high concentrations of IL-17A changed the 
permeability of the placenta, resulting not only in maternal 
KYN, but also in the high concentrations of KYNA in the pla-
centa, being transferred and affecting the fetus. In additional, 
we demonstrated that in the pallium of fetal brain, which 
includes the brain hippocampus and neocortex, the KYN and 
KYNA levels and the ratio of KYN/TRP were significantly 
higher in MIA-offspring than in controls (Figure 3(g)). Forrest 
et  al35 demonstrated that the prenatal inhibition of KMO, 
which diverts KYN metabolism to KYNA, significantly 
increased the levels of KYN and KYNA in fetal brain. They 
also showed that increased KYNA in fetal brain leads to struc-
tural and functional changes in the Hipp of adult offspring.36-39 
In particular, a high concentration of KYNA during early neu-
ronal development changed protein expression patterns associ-
ated with neuronal development and excitatory- inhibitory 
balance,38 which was also related to the pathophysiological 
mechanisms of ASD. These results suggested that maternal 
inflammation affected KP metabolites and that increased levels 
of KYN and KYNA may be linked to neurodevelopment.

Figure 6.  Changes in tryptophan (TRP) metabolite concentrations in the prefrontal cortex (PFC) and hippocampus (Hipp) of MIA (experiment 1; Ex1) or 

maternal KYN administration (experiment 2; Ex2). TRP metabolite concentrations were determined in the PFC (a) and Hipp (b) of mice at 11 weeks of age 

(postnatal day 77). Each column represents means ± standard error of the mean (SEM; n = 7-11). Data were analyzed using a Student’s t-test, *P < .05, 

**P < .01, ***P < .001, ****P < .0001 versus control mice or + PBS mice in each experiment.
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To test our hypothesis, we investigated whether a high dose 
of KYN during gestation affected fetal development in the 
absence of inflammation. The administration of low (100 mg/
kg) or high (300 mg/kg) concentration of KYN in pregnant 
dams significantly increased the levels of KP metabolites rap-
idly as shown in previous studies (Figure 4 and Table 3)17,18,20,40 
and these significant increases in maternal serum returned to 
basal levels within 12 hours (data not shown). We also found 
that the maternal administration of KYN significantly 
increased the levels of KYN and KYNA in fetal plasma and 
brain rapidly. We observed that animals with highly elevated 
KYN during neurodevelopment exhibited impairments in cog-
nitive and social behavior in adulthood (Figure 5). Further, 
these animals exhibited depressive-like behavior, which is con-
sistent with KMO deletion phenotypes.16 Pocivavsek et  al18 
demonstrated that KYN-treatment in rat dams with 100 mg/
kg in diet from E15 (equal to E13 in mice) to 22 elevated the 
levels of KYNA in fetal forebrain. The amount of KYN they 
used was equivalent to approximately 300 mg/kg body weight/
day, which is the same dose that for the high KYN treatment in 
our experiment. Their results provide evidence that a continu-
ous increase in brain KYNA levels during the late prenatal 
period induces Hipp-related cognitive and learning dysfunc-
tions. Pershing et  al41 who belong to the same laboratory as 
Pocivavsek, also showed that an exposure to high concentra-
tions of KYNA during the last week of gestation resulted in 
age-dependent changes in N-methyl-D-aspartate (NMDA) 
receptor expression and cognitive performance. Liu et  al20 
showed that KYN-treatment in neonatal mice at a dose of 
2 × 200 mg/kg/day i.p. at P7-16 enhanced sensitivity to 
d-amphetamine-induced increase in locomotor activity and 
mild impairments in prepulse inhibition and memory. Iaccarino 
et  al40 demonstrated that adult rats injected with 100 mg/kg 
KYN, i.p., during the neonatal period at P7-10 exhibited 
decreased social behavior and locomotor activity, but under-
went no changes in attentional function or fear conditioning 
behaviors. Varge et al42 showed that the systemic administra-
tion of 300 mg/kg, i.p., in adult mice increased anxiety-like 
behavior and abolished the formation of object recognition 
memory. Collectively, previous studies and our results suggest 
that KYN was a key metabolite that crossed the placenta, and 
high concentrations of KYN and/or KYNA affected fetal brain 
development. However, we did not observe anxiety-related 
behaviors in KYN-treated mice, and social impairments were 
less evident in KYN-treated mice than in MIA-mice. Therefore, 
the possibility of direct effects of IL-17A in the fetal brain can-
not be ruled out, and different factors may be implicated in the 
pathology underpinning MIA-induced ASD.

Measurement of KP metabolites in the PFC of adult MIA- 
and KYN-treated mice (P77) revealed significantly lower levels 
of TRP and higher levels of AA, and no significant changes in 
other metabolites in both mice compared to control/PBS-treated 
animals (Figure 6(a)). However, we observed no significant 

changes in KP metabolites in Hipp (Figure 6(b)). Guillemin 
et al43,44 reported that KP activation in ASD children resulted in 
an altered balance between KP metabolites and increased pro-
duction of quinolinic acid (QUIN), which is an agonist of 
NMDA receptors and an endogenous neurotoxin. Liang et al45 
reported the levels of AA were higher in ASD children than in 
the healthy subjects. AA acts as an intermediate factor in the KP, 
serving as a potential biomarker for other neurodevelopmental 
disorders21 and a target for the treatment of SCZ.46 Bryn et al47 
reported that the mean serum levels of KYNA were significantly 
lower in individuals with ASD than in healthy controls, but no 
significant differences were observed in QUIN levels. Further, 
reduction of quinolinate phosphoribosyltransferase (QPRT), 
which catabolizes 3-HAA to QUIN, was reported to alter neu-
ronal morphology of differentiation in an in vitro cell line. 
Chemical inhibition or complete gene deletion of QPRT was 
lethal upon induction of neuronal differentiation, but no effects 
on cell proliferation and levels of KP metabolites in vivo were 
observed.48 Clark et  al27 reported that MIA rats exhibited an 
augmented inflammatory status in adolescence (P35), but no 
changes in the brain levels of several KP metabolites, in both P35 
and P60 offspring were noted. They also demonstrated that 
MIA alone did not exert long-lasting effects on the expression of 
inflammatory cytokines on P60, whereas MIA offspring exhib-
ited blunted responses of several cytokines and KP metabolites 
to a secondary immune challenge with LPS in young adulthood 
(P60). These results suggest progressive impairments of the 
inflammatory response, induction of KP enzymes, and imbal-
ance in KP metabolites as the brain matures. Our data are par-
tially consistent with previous work. The changes in KP 
metabolites in ASD still remain controversial. Possible explana-
tions for these inconsistencies include age differences,49,50 sub-
type of ASD, comorbid conditions in clinical samples,47 or 
species differences.51

In conclusion, our results indicate that chronic gestational 
IL-17A is relevant to ASD-like behavioral changes, cognitive 
dysfunction, and depressive-like behavior in mice. Maternal 
IL-17A promotes the KP to generate the crucial metabolite, 
KYN, which may change the balance of KP metabolites in fetal 
brain during neurodevelopment. In addition, maternal high-
dose KYN in the absence of inflammation causes similar 
behavioral changes in offspring, but the responses are blunted. 
These results collectively suggest that KYN or KP metabolites 
are key molecules involved in the pathogenesis of ASD follow-
ing maternal inflammation. Translational approaches, which 
integrate metabolomics will help shed light on the molecular 
and biological underpinnings of ASD.
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