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Overview: “Children’s Toxicology”, a renovating study field
of irreversible “early exposure-delayed effects”
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ABSTRACT — “Children are not small adults”. This is a well-known phrase, especially in the clinics
for diagnosis, efficacy of treatment, side effect, and prognosis. However, in the field of toxicology, this
issue has long been a challenge. The knowledge has been limited to the differences in metabolism and
other physiological factors. Currently available test guidelines for fetuses and immature animals are tera-
togenicity and reproductive toxicity studies. These tests look for straight-forward (essentially macroscop-
ic) outcomes established within a rather short period of exposure to the test substances. However, recent
advances in molecular toxicology allow combination of in vitro and in vivo studies at molecular levels.
The target molecules and receptors can be identified in quantitative fashion and at the fine structure lev-
els around and below the resolution of normal light microscopy. Such expansion of the knowledge lead
us to consider a rather new category of “receptor mediated toxicity” or “signal toxicity”. Such non-organ-
ic insults would merely induce transient effects on adults. However, there are growing evidences that such
slight insults on the developing and maturating organisms can leave irreversible effects that become overt
in adulthood. As an overview, toxicology has entered a new phase where children’s toxicology becomes a

renovating study field of the irreversible “early exposure-delayed effects”.
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INTRODUCTION

Toxicology is a study to analyze interaction between
living organisms and xenobiotics, and its final goal is to
secure the safety of humans and environment in modern
life where various products and technologies ave used. Up
to now, the majority of toxicological tests to evaluate the
toxicity of a particular substance are utilizing experimen-
tal animals as a surrogate of humans. The results obtained
from such animal tests are extrapolated to humans for the
settlement of various kinds of regulation on the test sub-
stances, i.e. food additives, pesticides, industrial chemi-
cals, medicines, etc. In cases of pharmaceutical prod-
ucts, clinical trials (human tests) are available. However,
these are rather exceptional occasions for toxicology as a
whole. It would be very difficult for non-pharmaceutical
objects to test on humans, and even for pharmaceuticals,
human trial for children including fetuses have many dif-
ficulties.

Current toxicological testing protocols are based on an
assumption that both experimental animals and humans

share common basic structure of the body and thus sim-
ilar biological reaction. Most of those toxicological stud-
ies are based on “diagnosis™ of the symptoms of experi-
mental animals in a similar fashion to give a diagnosis to
human patients. Because the fine structure and function
of the bodies are still unknown, both humans and ani-
mal bodies are “black boxes™ responding to the test sub-
stances by showing various symptoms. Usually, the “no
observed adverse effect level” (NOAEL) or “no observed
effect level” (NOEL) is given by such tests. Since the
basic nature of species differences and individual dif-
ferences are not known, a number called “safety factor™
was invented to extrapolate animal NOAEL/NOEL data
to humans (Benford, 2000). Normally, a factor of 10 for
the species and another 10 for individual differences, thus
100 as a whole, is used to set lower NOAEL/NOEL lev-
els for humans. This approach has been working well for
the majority of test substances. Not surprisingly, however,
there are some exceptions. Thalidomide is a best-known
example (Newman, 1985). Phocomelia, a spectrum of
malformation of limbs, was induced in offspring of tha-
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lidomide-treated pregnant women, but not observed in
offspring of mice and rats. Therefore, more precise tox-
icity evaluation/prediction is obviously needed for saf-
er assessment. An approach that enables us to point out
molecular mechanisms of toxicity would be essential for
such needs and to better understand the species-specific
responses.

DISCUSSION

To modemize the toxicology and improve the accura-
cy of safety assessments, we are attempting to describe
and understand the organism-xenobiotics interaction at
the molecular levels. Different for other exploratory stud-
ies, a major prerequisite is that the Toxicology must be
prepared for any unexpected or unpredictable responses.
Thus, the approach must be comprehensive, Consequent-
ly, we adopted a whole-genome cDNA microarray sys-
tem for a comprehensive monitoring of the transcriptome,
and launched the Percellome Toxicogenomics Project, of
which the ultimate goal is to illustrate out the whole regu-
latory pathways induced by xenobiotics in the experimen-
tal animals, mainly mice, including embryo (Kanno et al.,
2006).

On top of that, there is an important factor of toxicol-
ogy, that it the “time frame” such as acute, chronic and
delayed toxicity. Among them, researches for the assess-
ment of delayed toxicity targeted for children (including
fetus and infants) is becoming very important. It is very
likely that the children have a chance to be exposed in
daily life to a series of substances which can be a cause
of delayed toxicity, especially, of the highly evolved sys-
tems, that is endocrine, immune and central nervous sys-
tem. Such chemical substances can affect the developing
systems at a dosage lower than the dosage that induc-
es overt cytocidal changes that would link to immediate
appearance of symptoms. For example, our recent expe-
rience on the perinatal exposure study (Tanemura et al.,
2009) which resulted in the emergence of delayed effects
on neurobehavioral endpoints can be explained by a met-
aphor. That is, “No one turns on power when building a
computer, but the living brains are built under the “pow-
er-on” situation”. It is very likely that the developing
brain needs proper or normal signals to build up its fine
structures and functional networks (Cohen-Cory, 2002).
At this stage, if the signals are disrupted by exogenous
insults, it may result in malformation of the fine struc-
ture of the brain system. In this case, it is not necessary to
directly kill the nerve cells during exposure. The malfor-
mation of fine structure/functional network will become
symptomatic when the animals grow up to adults. On the
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other hand, most of those insults to adults would end up
in reversible and transient changes.

Such delayed toxicity cannot be readily detected by
currently available functional observational battery-
(FOB-) based neuronal test system. Our new findings fall
into the category of “early exposure- delayed effect”. As
mentioned above, nervous systems of developing organ-
isms are susceptible to signal disruption which could lead
to the delayed neurobehavioral anomaly. Toxicology is
asked to prepare to respond to such new types of toxici-
ty or “‘signal toxicity” with a consideration on the mecha-
nisms which could explain the severity and irreversibility
specific to children.

In conclusion, the 35" Annual Meeting of the Japanese
Society of Toxicology had raised “Children’s Toxicology”
as one of its main Themes, and organized Special lectures,
five Symposiums and two Workshops on Children’s Tox-
icology of various targets and pending problems, which
includes central nervous system, immune system, and
endocrine system as targets, as well as problems in phar-
macology i.e. issues on children’s preclinical and clinical
trials and on the off-label use of drugs. This special issue
of the Journal of Toxicological Sciences gathers the peer-
reviewed papers presented by the authors who participat-
ed in the lectures/symposiums/workshops on Children’s
Toxicology at the meeting.
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Aryl hydrocarbon receptor (AhR), a ligand-activated transcription factor, is known to mediate a wide variety
of pharmacological and toxicological effects caused by polycyelic aromatic hydrocarbons. Recent studies have
revealed that AR is involved in the normal development and homeostasis of many organs. Here, we demon-
strate that AhR knockout (AhR KO) mice are hypersensitive to lipopolysaccharide (LPS)-induced septic shock,
mainly due to the dysfanction of their macrophages, In response to LPS, bone marrow-derived macrophages
(BMDM) of AhR KO mice sdcreted an enhanced amount of interleukin-18 (IL-1B). Since the enhanced -1
secretion was suppressed by supplementing Plasminogen activator inhibitor-2 (Pai-2) expression through
transduction with Pai-2-expressing adenoviruses, reduced Pai-2 expression could be a cause of the increased
IL-18 secretion by AhR KO mouse BMDM. Analysis of gene expression revealed that AhR directly regulates
the expression of Pai-2 through a mechanism involving NF-xB but not AR nuclear translocator (Arnt), in an
LPS-dependent manner. Together with the result that administration of the AhR ligand 3-methylcholanthrene
partially protected mice with wild-type AhR from endotoxin-induced dehth, these results raise the possibility

that an appropriate AhR ligand may be useful for freating patients with inflammatory disorders.

The aryl hydrocarbon receptor (AhR) is a member of the basic
helix-loop-heliz/Per-Arat-Sim homology superfamily and is in-
volved in the induction of drug-metabolizing enzymes and the
susceptibility of cells to a varlety of cytotoxicities induced by
dioxins (9). AhR is a ligand-activated transcription factor acti-
vated by polycyclic aromatic hydrocarbons (PAHs), such ds
3-methyicholanthrene (3MC) and 2',3',7",8'-tetrachlorodibenzo-
p-dioxin (TCDD). Under normal conditions, AhR exists in the
cytoplasm in a complex with Hsp90, XAP2, and p23 (22). After
binding a ligand, AhR translocates into the nucleus where it
dimerizes with its partner molecule, AhR nuclear translocator
(Arnt), and acts as a transcriptional activator to regulate the
expression of target genes, such as those expressing drug-metab-
olizing cytochrome P450 (Cyplal, 1a2, and 1b1) and NAD(P)H:
quinone oxidoreductase (Nqo), by binding to xenobiotic response
element (XRE) sequences in their promoter regions (9). By using
ARR knockout (AhR KO) mice, it has been demonstrated that
ARR is essential not only for the induction of drug-metabolizing
enzymes but also for most, if not all, of the toxicological effects
caused by TCDD, including immunosuppression, thymic atrophy,
teratogenesis, and hyperplasia (6, 7, 17, 24), the mechanisms for
which are largely unknown. Recently, careful investigation into
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the loss of functions in AhR KO mice has also revealed that AR
is involved in the normal development of several organs, including
the liver, heart, vascular tissues, and reproductiva organs (1,2, 6,
8, 15, 24). In addition, AhR has been found to play a key role in
the differentiation of regulatory T cells Treg, Thl7, and Th1 from
naive CD4 T cells by regulating their expression of Foxp3 or by
as-yet-unknown mechanisms (14, 20, 23, 32). From these studies,
one of the general features of AhR that begins to emerge is that
it serves as a multifunctional regulator in a large number of areas,
ranging from drug metabolism to innate immunity for protection
against invasive xenobiotics. In the work presented here, we dem-
onstrated that AhR KO mice were hypersensitive to lipopolysac-
charide (LPS)-induced septic shock, mainly due to the dysfunc-
tion of their macrophages. AhR KO mouse magcrophages
secreted an enhanced amount of interleukin-18 (IL-1B) in re-
sponse to LPS treatment and had markedly reduced Plasminogen
activator inhibitor-2;(Pai-2) mRNA concentrations, as revealed
by DNA microartay analysis, Pai-2 was reported to be a negative
regulator of IL-18 secretion through its inhibition of caspase-1
(10), suggesting that the enhanced secretion of IL-18 by AhR KO
macrophages in response to LPS may have been due to the
reduced level of Pai-2. We showed that AR directly regulates the
expression of inhibitory Pai-2, in an LPS-dependent mannet,
through a mechanism involving NF-«B but niot Arnt,

MATERIALS AND METHODS

Mice. AR knockout (ARR KO) mice were generated as described previously
(17). These mice wore back-crossed with C57BL/6T mice at least 10 times,
Age-matched mice (10 weeks) were intraperitoneally injected with 20 mg of
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LPS/kg of body weight. Mice with floxed Arn¢ (30) and 4hR (Jackson laboratory)
alleles were crossed to LysM Cre mice to specitically delete these genes in their
macrophages, AhR™¥~ and ARR™~1;1.55M Cre mice were generated by mat-
ing AhRE¥Ae%. ysM Cre and ABR™~ {AhR KO) mice. These age-matched
mice (9 to 11 weeks old) were intraperitoneally injected with 25 mg LPS/kg,

Mouse survival was checked every 6 or 12 h, 3MC (Wako, Osaka) at 10 ul (4 .

mg/ml 3MC)/g of body weight or 10 I corn oil/g was intraperitoneally injected.
After 2 h, each mouse was intraperitoneally injected with 30 mg LPS/kg. LPS
{(from Escherichia coli 0111:B4) was purchased from Sigma.

Preparation of macrophages. Bone marrow cells were obtained from the
femurs of 8- to 12-week-old mice. The bone marrow-derived macrophages
(BMDM) used for each experiment were isolated by culturing bone marrow cells
in the presence of 10 ng/ml granulocyte-macraphage colony-stimulating factor
(PeproTech) for 7 days and washing the attached cells with phosphate-buffered
saline (PBS) three times. For cytokine assays, washed cells were collected with a
scraper, plated at 2 X 10 cells/m! in 96-well plates, and cultured with 10 ng/m!
1PSfor8h. ,

For isolation of peritoneal exudate macrophages (PLEMs), mice were intra-
peritoncally injected with 2 mi of 4% thioglycolate. Peritoncal cells were isolated
from exudates of the peritoneal cavity 3 days after injection, incubated for 3hin
appropriate plates, and washed with PBS. The adherent cells were used for
experiments.

Measurement of cytokines, Mice were intraperitaneally injected with 20 mg/kg
LPS and bled 2 h after injection. Plasma concentrations of I1-18, tumor necrosis
factor alpha (ITNF-a), IL-6, gamma interferon (IFN-y), 1L-12, and I1-18 were
determined by enzyme-linked immunosorbent assay (ELISA) (Biosource).
BMDM of mice with wild-type ABR (AhR WT mice) and AhR KO at 2 X 10°
cells/ml were incubated with 10 ng/mi LPS for 8 h, and their culture supernatants
were assessed for cytokines using mouse TNF-a and IL-18 BLISAs (Biosource).

Cell culture. All cells were maintained in RPMI medium (Sigma) supple-
mented with 10% fetal bovine serum (HyClone) and penicillin/streptomycin
(Gihco) under 5.0% CO, at 37°C.

Caspase inhibitors, BMDM of AhR KO mice at 2 X 10° cells/ml were incu~
bated with dimethyl sulfoxide (DMSO) or 80 pM Z-YVAD-FMK (caspase-1
inhibitor VI; Merck) or 100 uM Z~-VAD-EMK {caspase inhibitor VI; Merck) for
30 min before LPS (10 ng/mi) stimulation. The BMDM were incubated for 8 h,
and their culturc supcrnatants wore assessed for cytokines vsing a mouse IL-18
ELISA (Biosource).

Virus infections. Adenoviruses espressing green fluorescent protein (GFP),
human Pai-2 (hPai-2), and human Bel-2 (hBcl-2) were purchased from Vector
Biolabs (Philadelphia). BMDM from AhR KO mice were infected for 12 h with
adenoviruses expressing GEFP, hPai-2, and hBcl-2 at a multiplicity of infection of
100, Infected BMDM were washed with PBS, followed by 12 h of incubation. As
it was reported that adenaviral vectors enhanced IL-18 secretion in maacrophages
(19), IL-18 levels were ivestigated in these incubation supernatants by BLISA.

At this point, no IL-1 was observed in the supernatants. Therefore, the cells A
were washed, collected with a scraper, and plated at 2 X 10° cells/ml in 96-well*

plates. The cells were treated with 10 ng/ml of LPS for an additional 8 b

Retroviral infection was performed as follofws: pQC-mAR, a cloned murine
ABR (mAhR) fragment in pQCXIN (Cloatech), and pQCXLN for LacZ, expres-
sion (as & control) were transfected into PT67 cells that were then cultured for
24 b, The culture medium was replaced with fresh medium, and the culture was
continued for an additional 24 h. This culture medium was used as the retrovirus
particle source,

Microarray analysis. Total RNA samples were purified using Isogen before
being processed and hybridized to Affiymetrix mouse genome 430 2.0 arrays
(Affymetriz). 'The experimental procedures for the GeneChip analyses were
performed according to the Affymetrix technical manual.

Generation of stable transformant cell lines. ANA-1 cells were the kind gift of
L. Varesio (3). ANA-1 cells were transduced with LacZ- or AhR-expressing
retroviruses in a suspension with 8 mg/ml of Polybrene. One day after infection,
the infected cells were replated and incubated in a selection medium containing
0.5 mg/m! of Geneticin (Gibco).

Plasmids. pcDNA3-p65 and pcDNA3-AhR were generated by inserting AhR
and p65 cDNA fragfents, excised from pBS-mAhLR and pBS-mp65 (murine
p65), into the pcDNAS3 vector. The 2.7-kb fragment upstream of the Pai-2
transcription start site was generated by PCR (primers 5'-gaagcttGGGTTGCA
GATCCCTTTAGC-3' and 5'-ccatgatggCTGACACACAGGAAATGCTITC3;
lowercase indicates restriction site sequences for cloning), using a BAC vector
carrying the Pai-2 gene as a template, and then cloned into the pBS vector. After
sequencing, the construct was cleaved with ITindIII/Ncol, and the isolated insert
was cloned into the HindITI/Ncol-digested pGLA.10 (Promega) to produce
pGLA-Pai-2 (—2.7 kb). Tho 0.8-kb fragment upstrcam of the Pai-2 transcription
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start site was generated by PCR (primers 5’-ggaattcGAGAAGTGATCTGGTA
GATG-3’ and 5'-ccatggtegCTGACACACAGGAAATGCTTC-3') using pGL4-
Pai-2 (—2,7 kb) a3 a template and cloned into the pBS vector, After sequencing,
the construct was cleaved with HindITi/Ncol, and the isolated inssrt was cloned
into the HindIH/Ncol-digested pGLA.10 (Promega) to produce pGLA-Pai-2
(-0.8 kb). pGLA-Pai-2 (—0.55 Kb) was produced by cleaving pGLA-Pei-2 (-2.7
kb) with Ndel/EcoRV. pGL4-Pai-2 (—0.1 kb) was generated in a similar mauner,
using primers 5'-GATGTCTTTATGAGTAAAATGTTGAATCA-3' and §'-coa
t2gtgsCTGACACACAGGAAATGCTTC-3'. pGLA-Pai-2 (~0.55 kb C/EBPR
mutant) was generated by site~directed mutagenesis using a Sculptor in vitro
mutagenesis systerm (Amershar) with pGL4-Pai-2 (~0.55 kb) as a template and
primer pair 5-GATTTAAAATTGGAAAgsGCTAAATTCITGAATTTTGAA
TGACATCAC-3' and 5“GTCGATGTCATTCAAAATTCAAGAATTTAGCee
TTTCCAATTTTAAATC-3',

RNA preparation and reverse transeription PCR (RT-PCR), Total RNA was
prepared using Isogen (Nippon Gens, Tokyo) according to the manufacturer’s
protocol. cDNA synthesis from 1 pg of total RNA was carried ot using Super-
Script 11 reverse transcriptase (Invitrogen, United States), Real-time PCR was
performed using an ABI7300 real-time PCR system (Applicd Biosystems) and
Platinum SYBR green quantitative PCR SuperMix (Invitrogen, United States),
Each sample was normalized to the espression of B-actin a5 a control. The
primer sequences were as follows: Pai-2, 5-GCATCCACIGGCITGGAA3’
and 5'-GGGAATGTAGACCACAACATCAT-3'; Bel-2, 5'“GTGGTGGAGGA
ACTCTTCAGGGATG-3' and §'-GGTCITCAGAGACAGCCAGGAGAAAT
C-3'; AbR, 5" TTCTATGCTTCCTCCACTATCCA-3' and 5-GGCTTCGTCC
ACTCCTTGT-3; Arnt, 5'“GGACGGTGCCATCTCGAC-3' and 5'-CATCIG

GTCATCATCGCATC-3’: Mmp-8, §'-CCACACACAGCTTGCCAATGCC

T-3’ and 5’-GGTCAGGTTAGTGTGTGTCCACT-3"; Ngo1, 5-TTTAGGGTC
GTCTTGGCAAC-3’ and 5 ~AGTACAATCAGGGCTCITCTCG-3; AhR
repressor, 5’-QCI‘ 'GTCCCGGGATCAAAGATG-3' and 5-CTCACCACCAG
AGCGAAGCCATTGA-3'; 1L-1B, 5-CTGAAGCAGCTATGGCAACT-3' and

“GGATGCTCTCATCTGGACAG-3'; TNF-¢, 5-CTGTAGCCCACGTCGT
AGC-3' and 5 TTGAGATCCATGCCGTTG-3'; Cox-2, §'-GCATTCTTTGCC
CAGCACTT-3' and 5'-AGACCAGGCACCAGACCAAAG-'; B-actln, 5-GA
CAGGATGCAGAAGGAGAT-3' and 5'-TTGCTGATCCACATCTGCTG3';
bPai-2, 5'-CCCAGAACCTCTTCCTCICC-3' and 5'-CATTGGCTCCCACTT
CATTA-3'; and hBel-2, 5-GTGTGTGGAGAGCGTCAACCS' and 5-GAGA.
CAGCCAGGAGAAATCAAA-3'. )

Reporter assays. All luciferase assays were performed using a dual-luciferase
reporter assay system according to the manutacturer’s protocol (Promega), with
some modifications, RAW 264.7 cells (2.0 X 10* cells/welf) were plated in 24-well
plates 24 h prior to transfection, Cells were cotransfected with 100 ng pGLA-
Pal-2 (verious lengths in kilobases) (see “Plasmids™), 1 ng Reniffa luciferase (as
an internal control), and 1 ng peDNA3-p6S and/or pcDNA3-ARR using Fu-
GENE HD transfection reagent (Roche) according to the manufacturer’s pro-
tocol. All cells were incubated for 12 h at 37°C after transfection, treated with 10
ng/ml LPS, and incubated for an additional 6 h.

Co-IP assays. AhR WT PEMs or transfecied 293T cells were washed with
fcecold PBS, followed by buller containing 20 mM HEPRS, pH 7.4, 125 mM
NaCl, 1% Triton X-100, 10 mM EDTA, 2 mM EGTA, 2 mM Na,VO,, 50 mM
sodium fluoride, 20 mM ZnCl,, 10 mM sodivm pyrophosphate (31). The cells
were harvested by scraping, centrifuged at 5,000 spm at 4°C for 5 min, and
suspended in immunoprecipitation (IP) buffer containing a protease inhibitor
cocktail (Roche). The cells were vortexed and placed on ice for 10 min, The
samples wore then contrifuged at 15,000 rpm for 5 min at 4°C, and the super-
natants were saved as whole-cell lysates.

‘The prepared whole-cell Iysate (250 ul) was incubated with anti-immunoglob-
ulin G, anti-AhR antibody, or anti-p65 for 2 h at 4°C, The resction mixture was
supplemented with 20 1 of protein A-agarose beads (Amersham). After being
incubated for an additional,1 h at 4°C, the beads were washed three times with
IP buffer containing protease inhibitor cocktail and resuspended in sodium
dodecyl sulfate (SDS) sampl® buffer. The coimmunoprecipitated proteins were
resolvéd by SDS-polyacrylamide gel electrophoresis (PAGE), and Western blot
analysis was performed.

ChIP assays, Chromatin IP (ChIP) assays were performied with PEMs from
ARR WT and AhR KO mice. PRMs were stimulated with 10 ng/mt 1.PS for 60
min and then fired with formsldehyde for 10 min. The cells were Iysed and
sheared by sonication. The lysis solution was incubated with inmunoglobulin G
or preimmune serum and protein A-agarose for 2 h to remove nonspecific DNA
binding. The solution was incubated overnight with a specific antibody, followed
by incubation with protein A-agarose saturated with salmon sperm DNA. Pre-
cipitatcd DNA was analyzed by real-time PCR using prinmicr pair 5-GGAAGT
TCCCTGAGGCTTATAGG-3' and 5'-ATGGAAGCACATACATAAGAACA.
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TGG-3’ for the NF-«B binding site of Pai-2, 5'-TGAGTGTGAGTGGTGCAG
ATTAC-3" and 5’-CCTCCCACACAGCTICTTITITC3' for mPai-2 TATA, 5'-
CGGAGGGTAGITCCATGAAA-3' and 5'-CAGGCITTTACCCACGCAA
A-3" for the NF-«B binding site of mCox2, and 5-CGCAACTCACTGAAGC
AGAG-3' and 5'-TCCTTCGTGAGCAGAGTCCT-3' for mCos-2 TATA. The
antibodies used were as foliows: anti-AhR serum, preimmune serum, anti-p6Ss,
and anti-PolIl antibodies (Santa Cruz).

Western blot analyses. Cells were dissolved in SDS sample buffer, and proteins
were separated by SDS-PAGE for Western blot analysis. The proteins were then
transferred to polyvinylidene diffucride membranes and blocked in 3% skim milk
for 30 min. Fach antibody was used as a primary reagent, and after being washed
three times with Tris-borate-EDTA containing 0.1% Triton X-100, membranes
were incubated with species-specific horseradish peroxidase-conjugated second-
ary antibody (Zymed). The protein-antibody complexes were visualized by using
an enhanced chemiluminescence detection system (Amersham) according to the
manufacturer’s recammendations. Nuclear extracts wetc preparcd by a standard
method (25). The antibodies used were as follows: anti-Amt serum (28); anti-
AbR (Biomol); anti-Fai-2, apti-p65, and antilamin antibodies (Santa Cruz); and
antitubulin antibody (Sigma).

RESULTS

High susceptibility of AhR-deficient mice to LPS-induced
endotoxin shock. To investigate the function of AhR in acute
inflammation in vivo, we performed studies of experimental
LPS-induced endotoxin shock. For these studies, 10-week-old
AhR WT and AhR KO mice were injected intraperitoneally
with 20 mg/kg LPS. After 24 h, while all of the AhR WT mice
survived, most of the AbR KO mice (80%) had died (Fig. 1A).
These data indicate that AhR-deficient mice were highly sus-
ceptible to LPS-induced endotoxin shock. To explain the in-
creased sensitivity of AhR KO mice to septic shock, the plasma
concentrations of several inflammatory cytokines were mea-
sured 2 h after LPS challenge. Consistent with the enhanced
susceptibility of AhR KO miice to the LPS treatment, AhR KO
mice had marked increases in plasma I1-18, IL-18, and TNF-«a
levels (P < 0.001), with modest increases in IL-6 and IFN-y
(Fig. 1B). In contrast, there was no difference in plasma I~
12p70 levels (Fig. 1B). Administration of 3MC, an AhR ligand,
before LPS treatment (30 mg/kg) made the AhR WT mice.
significantly more resistant to septic shock than the mice that
were not treated with 3MC (P = 0.002) (Fig. 1C). Together
with the fact that there was essentially no effect of 3MC on
AhR KO mice, these results suggested that activated AhR
could play an anti-inflammatory role.

Increased susceptibility of mice with AhR KO macrophages
to LPS-induced endotoxin shock. Since macrophages play an
important role in sensitivity to LPS toxicity, we generated mice
with macrophages deficient in AhR (AhR™¥~:LysM Cre
[AAhR Mac] mice) to evaluate the contribution of macro-
phages to the LPS hypersensitivity of AhR KO mice. When
AABR Mac and control mice (ARR™¥~) were injected intra-
peritoneally with 25 mg/kg LPS, most of the AAhR Mac mice
(80%) had died at 48 h after LPS challenge, while 60% of the
control mice survived (P = 0.03) (Fig. 2A). Together with the
previous results, these data showed that dysfunctional AhR-
deficient macrophages are one of the main causes of LIPS
hypersensitivity in AhR KO mice,

Elevated IL-1f secretion from AhR KO BMDM in response
to LPS. To further investigate the cause of the aberrant cyto-
‘kine secretion by LPS-challenged AhR KO mice, we next
asked if there were any differences in the production of proin-
flammatory cytokines by AhR WT and AhR KO mouse
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FIG, 1. High susceptibility of AhR KO mice to LPS-induced endo-
toxin shock. (A) Survival of AKR WT and AhR KO mice (2 = 10) after
LPS challenge (20 mg/ml). (B) TNF-o, IL-6, IL-12p70, IL-1B, 018,
and IFN-vy plasma levels 2 h after LPS challenge (20 mg/ml). Horizon-
tal bars show the mean results, (C) Partial protection of ALR WT mice
from septic shock by intraperitoneal injection of 3MC at 2 h before
LPS challenge (30 mg/ml) and survival of corn oil-injected mice. ARR
WT-oil, n = 29; AlR WT-3MC, # = 28; AhR KO-oil, = 13; AhR
KO-3MC, 1 = 13, #, P < 0.001; %, P = 0.001; ##x, P < 0.005; *hER,
P = 0.002; NS, not significant.

BMDM in response to LPS stimulation. Macrophages from the
bone marrow of AhR WT and AhR KO mice were challenged
with 10 ng/ml LPS for 8 h, and then the levels of TNF-o and
IL~1B in the culturé medium were assessed by ELISA. Com-
pared to the levels it AhR'' WT BMDM, the levels of o-ig
secretion by AhR KO BMDM were markedly elevated, along
with slight increases in TNF-q, in response to LPS freatment
(P < 0.001) (Fig. 2B, left). However, IL-13 mRNA levels were
not altered between AhR WT and AhR KO BMDM (Fig. 2C,
left). These data indicated that AR deficiency markedly in-
creased IL-18 accumulation due to its enhanced secretion
rather than its increased synthesis.

Expression of AhR-dependent genes in macrophages, We
next performed microarray analysis of AhR WT and AhR KO
mouse macrophages to comprehensively investigate the AhR-
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dependent changes in gene expression that were related to
I1-1P secretion (Table 1). Among the genes whose expression
was reduced in AR KO macrophages, we noted the markedly
reduced levels of expression of the Pai-2 and Bcl-2 genes.

4). (C) Relative EXPmon.

MoL. CeLL. BioL.

These genes were significant becanse they had been repotted
to negatively regulate IL-1B secretion by inhibiting the activity
of caspase-1 (5, 10). Consistent with the notion that the en-
hanced secretion of IL-1( is due to the activation of caspase-1,
treatment with the caspase inhibitors Z-YVAD-FMK and Z-
VAD-FMK markedly reduced the secretion of IL~-1§ in AhR
KO BMDM (Fig. 3A). To confirm their reduced éxpression in
AhR KO BMDM, Pai-2 and Bcl-2 mRNA expression levels
were determined by real-time RT-PCR in AhR WT and AhR
KO BMDM (Fig. 3B). Figure 3B shows that Pai-2 and Bcl-2
mRNA expression levels were clearly reduced in AhRR KO
BMDM. To investigate whether the increased IL-1p secretion
in AR KO BMDM was due to their reduced Pai-2 and Bel-2
expression, the expression of these proteins was supplemented
in AhR KO BMDM by infection with adenoviral vectors ex-
pressing hPai-2 and hBcl-2 (Fig. 3D). The efficiency of the
adenoviral gene transfer, as monitored by the expression of
GFP, was estimated to be >90% (data not shown). Compared
with control adenoviral expression of GFP, transfer of the
hPai-2 gene into AhR KO BMDM significantly inhibited LPS-
induced secretion of IL-183 (Fig. 3C), but almost no effect was
observed with Bcl-2 expression. Bel-2 has been reported to
suppress IL-1( secretion that is specifically processed through
the NALP] complex and regulated by muramyl dipeptide,
which is usua]ly a contaminant in commetcial LPS (5). These
results suggested that the enhanced I ~1B secretion in re-
sponse to LPS was due not to processing through the NALP1
complex (5) bit to processing through the NALP3 complex, an
inflammasome-gontaining caspase-l regulated by LPS (16),
and that decreased Pai-2 expression is at least one of the causes
for the idicreased I-1f secretion by AhR KO BMDM after
LPS treatment.

Arnt is not required for enhancement of LPS-induced Pai-2
expression by AhR. It has been reported that LPS stimulation
induces Pai-2 expression (21, 26). Figure 4A and B show that
the induction of both Pai-2 mRNA and protein expression was
remarkably reduced in AhR KO macrophages compared with
the levels in AhR WT macrophages. Interestingly, AER
mRNA and protein expression levels were also induced by LPS
stimulation (Fig. 4A and B). In response to various PAHs,
AR is'known to act, in most cases, as a transcriptional acti-
vator, in heterodimer formation with Arnt. Although the
mouse Pai-2 promoter does not have any obvious XRE. se-
quences (GCGTQG) in its regions 5 kb upstream and down-

TABLE 1. Decreased gene expression in AhR KO PEMs revealed by ¢cDNA microarray analysis

Value for

v

'old change Gene name Gene product

Fold cheng WT PEMs KO PEMs . P
140 0.561 0.040 Gsta3 Glutathione S-transferase alpha 3
1o -
55 3 N chrome sul Iypeptide 1
45 0.206 0.045 z\%’f NI-xB repressing factor B
3.6 1922 0.541 Cxels Chemokine (C-X-C motif) ligand 5
31 13.670 4.444 Minp8 Matrix metallopeptidase 8
29 1406 0.489 Cxell3 Chemokine (C-X-C motif) ligand 13
2.6 2111 0.800 Lrre27 Leucine-rich repeat-containing 27
25 3.466434 1.394728 Cref Connective tissue growth factor
22 . 3,849141 172473 Meoln3 Mucolipin 3
22 1.204793 0.550093 Ngol NAD(P)H debydrogenase, quinone 1
2.0 6.96623 3.453017 ler3 Immediate early response 3
2.0 0.596479 0.294062 ° Bel2 B-cell leukemia/lymphoma 2
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FIG. 3. Decreased Pai-2 expression is one of the causes of the
increased IL-1B secretion by LPS-treated AhR KO BMDM. (A) In-
hibition of IL-18 oversecretion from AhR KO BMDM by treatment
with caspase-1 inhibitor (Z-YVAD-FMK) or caspase inhibitor (Z-
VAD-FMK). (B) Relative expression levels of Pai-2 and Bcl-2 mRNA
in ARR WT and AhR KO BMDM. (C) The effect of hPai-2 and hBcl-2
reconstitution on the LPS-induced secretion of IL-1B and TNF-o-by
AhR KO BMDM., BMDM from AhR KO mice were infected with the,
individual adenovirus (adeno) vectors and then washed and incubatedd
for 24 h. IL-1B and TNF-« levels in the supernatants 8 h after LPS
stimulation (n = 3) were determined by ELISA. (D) Assessment of
hPai-2 and hBcl-2 mRNA expression in adenovirus (adeno) vector-
infected BMDM by conventional RT-PCR. Error bars show standard
deviations, +, P < 0.001; NS, not significant.

stream of the transcription start site, we were interested in
determining whether Arnt was also involved in the inducible
expression of Pai-2 by LPS. Other AhR target genes identified
by the microarray analysis, e.g., the matrix metalloproteinase
(Mmp-8) gene and the NAD(P)H:quinone oxidoreductase 1
(Nqo1) gene (Table 1), have characteristic XRE sequences in
their promoter regions and were also induced by 3MC. As
expected, the induction of their expression was greatly reduced
in Arnt KO and Arnt small interfering RNA (siRNA)-treated
macrophages (Fig. 4F; also see Fig. S1 in the supplemental
material). In stark contrast, the expression of Pai-2 was not
much different in Arnt KO and Amt siRNA-treated macro-
phages, indicating that Arnt is not involved in regulating Pai-2
gene expression (Fig, 4D; also see Fig. S1 in the supplemental
material) and that AhR regulates Pai-2 gene expression by a
noncanonical mechanism, Consistent with these observations,
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macrophage-specific conditional deletion of Arnt did not sig-
nificantly alter the sensitivity to LPS treatment (Fig, 4F).

DNA elements regulating Pai-2 gene expression. We were
interested in further investigating how AhR regulates Pai-2
gene expression in macrophages. It has been previously re-
ported that LPS-induced Pai-2 expression requires NF-xB ac-
tivation (21) and that AhR and p65 physically interact with
each other (31). With those results in mind, we constructed a
reporter gene by fusing a 2.7-kb sequence upstream of the
mouse Pai-2 transcription start site to the luciferase gene (see
Fig. 52 in the supplemental material). This 2.7-kb Pai-2 re-
porter gene contained a previously reported NF-xB site (21).
When the AhR expression vector alone was transfected into
RAW 264.7 cells, it did not enhance LPS-induced reporter
gene expression. In contrast, cotransfection of both AhR and
p65 did (Fig. SA). To identify the sequence responsible for
enhancing the LPS-induced activation of the reporter gene, we
constructed an 0.8-kb Pai-2 reporter gene by deleting the se-
quence from —2.7 to —0.8 kb, which contained the previously
reported NF-«B site (see Fig. S2 in the supplemental mate-
rial). With this 0.8-kb Pai-2 construct, the addition of AR and
P65 no longer enhanced the activity in response to LPS treat-
ment (Fig, 5A), indicating that the sequence between —0.8 and
—2.7 kb, containing an NF-«B site, is responsible for enhanc-
ing Pai-2 gene activation in response to AR and NF-xB.
Further downstream, we noticed the presernce of a putative
C/EBPB binding sequence (around 250 base pairs upstream of
the transcription initiation site), which has been reported to be
responsible fos LPS-induced activation of the gene (4). Dele-
tion or point mutation of this sequence was found to abrogate
the ability of LPS to induce this gene, indicating that this
C/EBP binding site functions as an enhancer sequence in the
LPS response (see Fig. S2 in the supplemental material).

Recruitment of transcription factors necessary for LPS-in-
duced Pai-2 expression. When macrophages were treated with
LPS, p65 translocated from the cytoplasm into the nucleus
independently of AhR (Fig. 5B), as reported previously. How-
ever, without AhR, ChIP revealed that p65 was not recruited
to the enhancer sequence in the Pai-2 gene, which contains an
NF-xB site (Fig. 5E). In WT macrophages, nuclear-translo-
cated p65 was only recruited to the enhancer sequence of the
Pai-2 gene together with AhR. Polll was concomitantly re-
cruited to the TATA sequence of the Pai-2 gene in ARR WT
but not AhR KO macrophages. Surprisingly, we observed that
LPS induced AhR binding to the Pai-2 NF-«B site, as shown by
ChIP using an anti-AhR antiserum, Co-IP assays revealed that
AhR and p65 interacted in macrophages (Fig, 5C), consistent
with a previous report (31). On the other hand, expression of
the Cox-2 gene is known to be activated by LPS through re-
cruitment of p65 to"its NF-xB binding site, and this occurs
independent of AhR (Fig, 5D), with concomitant binding of
PolIl to the transcription initiation site (TATA) of the Cox-2
gene (Fig, SE). Arnt was not recruited to the Pai-2 promoter by
ChIP assay (data not shown), consistent with normal Pai-2
expression in the macrophages from Arnt®°~~:ysM Cre mice
(Fig, 4D).

As shown in Fig. S3 in the supplemental material, the
CCAAT box sequence in the Pai-2 gene was recognized by
C/EBPB in an LPS-dependent manner in both AKRR WT and
KO macrophages. This binding of C/EBPB to the Pai-2 pro-
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Error bars show standard deviations. IB, immunoblot; +, present; —, absent; o, anti,

moter might explain the weak LPS-induced activation of Pai-2
gene expression in AhR KO macrophages (Fig. 4A; also see
Fig. 83 in the supplemental material), as described in the
previous section,

The requirement of the functional domains of AhR for AhR-
dependent Pai-2 expression. To determine the functional do-
mains of AhR for AhR-dependent Pai-2 expression; we inves-
tigated the Pai-2 expression in ANA-1 cells; which were
transfected with various AhR mutants (Fig, 6). Compared with
the levels in ANA-1 cells transfected with full-Jength ABR, we

‘observed much lower levels of expression of Pai-2 in the
ANA-1 cells transfected with AbR NLSm (2 mutant located
predominantly in the cytoplasm) (Fig. 6B, bars 3; 4, 11, and
12). On the other hand, transfection with AhR CA (a consti-
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tutively active mutant located predominantly in the nucleus)
gave a result for Pai-2 expression comparable to that of the .
transfection with fullllength AhR (Fig. 6B, bars 3, 4, 7, and 8).
These results indicated that nuclear ABR functions in AhR-
dependent Pai-2 expression. The fractionation of AhR indi-
cated that a small but significant amount of AhR existed in the
nucleus without treatment with ligands such as 3MC, in con-
trast with the large amount in the cytoplasm (Fig. 5B), consis-
tent with the previous report that AhR has functional nuclear
localization signal and nuclear export signal sequences and
shuttles between the cytoplasm and nucleus. It is reported that
when nuclear export is inhibited by trichomycin B or phosphor-
ylation at $68, AhR accumulates in the nucleus (12). There-
fore, it could be considered that in macrophages, AhR is in-
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volved in Pai-2 expression induced by LPS treatment in the
absence of typical AhR ligands (Fig. 4A). The mechanism of
AhR’s involvement in Pai-2 expression induced by LPS will be
investigated in detail. To further address the question of the
requitement for the AhR domain in Pai-2 expression, we gen-
erated ANA-1 cells stably transfected with AhR AC (an acti-
vation domain-deficient mutant) and AR YO9F (the mutant
with attenuated DNA binding) (18). Compared with the ex-
pression in stable ANA-1 cells transfected with full-length
ARR, neither of the cell lines transfected with AhR AC or AhR
YOIF significantly expressed Pai-2 (Fig. 6B, bars 3 t0 6, 9, and
10). These results indicate that both the activation and DNA
binding domains of AhR were required for AhR-dependent
Pai-2 expression. Co-IP analysis using these AhR mutants
showed that the N-terminal region of AhR (AhR AC mutant)
interacted with p65 (Fig. 6C).
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DISCUSSION

AR was originally found as a transcription factor that was
involved in the induction of zenobiotic-metabolizing CYP1A1
by TCDD and other PAHs and has been found fo a¢t as a
multifunctional regulatory factor in areas ranging from drug
metabolism to innate immunity, providing protection against
invading xenobiotics. Close investigation of the phenotypes of
AR KO mice revealed that they seem to suffer from morbidity
from impaired immunity and easily succumb to bacterial infec-
tion. We examined the susceptibility of AhR KO mice to LPS-
induced septic shock and found that they were hypersensitive
to LPS treatment and had increased secretion of proinflam-
matory Cytokines, such as IL-18, TNF-e, IL-18, and IFN-y
(Fig. 1A and B). It has been reported that in endotoxic shock,
IL-1B and TNF-« are rapidly released and trigger a secondary
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to 805, AhR AC comprises amino acids 1 to 544, and AhR CA com-
prises- amino acids 1 to 276 and 419 to 805; in AR Y9F, Y9 was
mutated to F; and in AhR NLSm 37R, 38H, and 39R were mutated fo
A, G, and 8, respectively. IB, immunoblot; «, anti; +, present.

inflammatory cascade that is dependent on the transcription
factor NF-«B (10). Mice with a macrophage-specific condi-
tional deletion of AhR (ARR®~~::LysM Cre) were more sus-
ceptible to LPS-induced septic shock than AhR™¥~ mice,
indicating that the dysfunction of macrophages due to AhR
deficiency is one of the major causes of the enhanced suscep-
tibility of ABR KO mice to LPS-induced septic shock (Fig. 2A).
Consisteat with these observations, isolated AKR KO BMDM
secreted much larger amounts of IL-18 and had a slight in-
crease in TNF-a in response to LPS (Fig. 2B). Since IL-1p
mRNA levels were not altered between AhR KO and AR
WT BMDM (Fig. 2C), the increased IL-1p secretion is prob-
ably not due to the enhanced synthesis but, rather, is likely due
to enhanced processing of IL-1B. (16).

We thought that this IL-1p oversecretion by AhR-deficient
macrophages might provide clues as to how AhR functions as
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a physiological immunosuppressor. Microarray analyses to
comprehensively investigate the AhR-dependent changes in
gene expression that were responsible for increased IL-18 se-
cretion revealed that the levels of expression of Pai-2 and Bcl-2
mRNA were markedly reduced in AhR KO BMDM, which
was confirmed by real-time PCR (Fig. 3B). Reconstitution
experiments with adenoviruses showed that only Pai-2 expres-
sion could significantly suppress TL-18 oversecretion in ARR
KO macrophages, while no suppressive effect was observed
with Bel-2 expression (Fig. 3C). It has been reported that there
are several pathways for processing IL~1B that lead to its se-
cretion (16). These results indicate that Pai-2 and Bcl-2 are
differentially involved in these pathways. Recently, in experi-
meants using AIKKB myeloid mice, Pai-2 has been reported to
suppress IL-1B secretion, acting downstream of NF-xB (10).
The IL-1B processing that is regulated by the inflammasome
involves caspase-1 (16). Consistent with these observations,
treatment with caspase inhibitors, Z-YVAD-FMK and Z-VAD-
FMK markedly reduced the secretion of IL-18 in AhR KO
BMDM (Fig. 3A). It has also been reported that I1.-18 pro-
cessing is regulated by the same mechanism as IL-1B, which is
consistent with the marked increase in plasma I~18 levels
(P < 0.001) observed in LPS-injected AhR KO mice (Fig. 1B).
Stimulation of the inflammasome involving caspase-1 usually
requires secondary signals, such as high ATP concentrations,
Interestingly, however, the IL-18 oversecretion resulting from
AhR deficiency did not seem to require any other stimulation
besides LPS, which is in accordance with the report on the
IKKB Amyeloid mice (10). Further investigation will be re-
quired to addréss the molecular details of Pai-2-regulated
IL-18 secretion. .

Although it has been reported that Pai-2 mRNA was m-
duced by a typical AhR ligand, TCDD (27), we did not find any
obvious XRE sequences (GCGTG) in the 5-kb regions up-
stream or downstream of the transcription start site of the
mouse Pai-2 promoter. However, these promoter regions ren-
dered a reporter gene résponsive to LPS (Fig. 5A and E). This
sequence search suggested that AhR might not regulate Pai-2
gene expression in the canonmical way (i.e., heterodimerized
with Arnt) and led us to investigate whether Arat was involved
in LPS-induced Pai-2 regulation, In experiments with Arnt-
deficient and Arnt siRNA-expressing macrophages, we dem-
onstrated that AhR enhanced Pai-2 expression in an Arnt-
independent manner (Fig. 4D; also see Fig. S1 in the
supplemental material). Arnt2 is considered to be another
possible alternative (11), but we have previously shown that
ARR interacts predominantly with Arnt but not with Arnt2
(27). Therefore, it is highly likely that AhR enhances Pai-2
expression independently of Arat family proteins (11). It was
previously reported thgt LPS induced Pai-2 expression through
activation of NF-kB (21) and that ARR physically interacted
with p65 (31) to activate or inhibit gene expression in a con-
text-dependent manner (31). In our reporter gene assay using
RAW 264.7 cells, the Pai-2 reporter gene required both NF-«B
and AhR for a high level of expression in response to LPS
treatment (Fig. SA). In AhR KO macrophages, LPS treatment
induced nuclear translocation of p65 (Fig. 5B), but it was not
recruited to the NF-kB-binding site of the Pai-2 gene, which
confers LPS inducibility (Fig. 5E), suggesting that AhR is re-
quired for recruitment of p65 to this site, which may be a
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crossing point between AhR and NF-«B signaling pathways, In
WT macrophages, AhR and p65 were recruited to the same
DNA sequence by the LPS treatment (Fig. 5E), and they in-
teracted directly (Fig, 5C and 6C), leading to the recruitment
of Polll to the TATA sequence of the transcription initiation
site. In contrast, p65 was recruited to the Cox-2 promoter in
response to LPS treatment in AhR KO macrophages. The
detailed molecular basis for how p65 binds differentially to the
Pai-2 and Cox-2 genes remains to be investigated.

It was also reported that AhR interacts with RelB on che-
mokine promoters, such as IL-8, in response to TCDD treat-
ment, enhancing their expression (33). Although an AhR-RelB
binding DNA sequence, designated RelBARRE (GGGTGC
AT), was found near the NF-«B site in the Pai-2 promoter, the
expression of the Pai-2 (—2.7 kb) Luc reporter gene was not
enhanced by RelB and AhR coexpression (data not shown),
suggesting that RelB may not function as a partner for AhR in
inducing Pai-2 expression. Since the AhR DNA binding activ-
ity was suggested by the results of the experiment using the
AhR YOF mutant to be required for AhR-dependent Pai-2
expression (Fig. 6B, bars 3, 4, 9, and 10), the possibility could
be raised that an.AhR and p65 heterodimer might work as a
transcription factor by binding the ReIBARRE sequence. How-
ever, the experiments using the reporter gene containing a
tandem arrangement of four RelBAWRE sequences did not
showed enhanced expression of the reporter gene expression
with coexpression of AhR and p65. It remains to be investi-
gated in detail how AhR and p65 activate the Pai-2 promoter.
AR has been reported to have the nuclear localization signal
and nuclear export signal sequences and to shuttle between
nucleus and cytoplasm. Inhibition of nuclear export of AhR by
trichomycin B or phosphorylation reportedly leads to the ac-
cumulation of AR in the nucleus (12). Consistent with these
findings, a small part of AhR was observed in the nuclei of
macrophages under normal conditions. Upon treatment with
LPS, nuclear AhR should accumulate due to phosphorylation

downstream of the LPS signaling pathway or p65, reported to.

be translocated into the nucleus (21), should be recruited to
the Pai-2 promoter with the nuclear AhR.

Recently, there have been growing lines of evidence that ARR
plays a crucial role in differentiation of the Th cell subsets Thi,
Treg, and Th17 from naive CD4 T cells. It was reported that
differentiation of these regulatory T cells from AhR KO naive T
cells was significantly impaired under their respective polarizing
conditions. AhR is reported to be highly induced under these
conditions (14, 20, 23, 32), and AhR ligands further stimulated
the tendency to their respective differentiations by molecular
mechanisms that are largely unknown. In macrophages, AhR was
also induced by LPS treatment (Fig. 4A and B) and negatively
regulated the secretion of certain inflammatory cytokines, such as
I-1f and I1~18, most likely through the expression of Pai-2,
Since AhR is a ligand-activated transcription factor and is known
to be ubiquitously expressed in immune cells (13), this raises the
possibility that an appropriate AhR ligand may be useful for
treating patients with inflammatory disorders.
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ABSTRACT. To determine whether developmental hypothyroidism causes permanent disruption of neuronal development, we first per-
formed a global gene expression profiling study targeting hippocampal CA1 neurons in male rats at the end of maternal exposure to anti-
thyroid agents on weaning (postnatal day 20). As a result, genes associated with nervous system development, zinc ion binding, apop-
tosis and cell adhesion were commonly up- or down-regulated. Genes related to calcium ion binding were up-regulated and those for
myelination were often down-regulated. We, then, examined immunohistochemical cellular distribution of Ephrin type A receptor 5
(EphA5) and Tachykinin receptor (Tacr)-3, those selected based on the gene expression profiles, in the hippocampal formation at the
adult stage (11-week-old) as well as at the end of exposure. At weaning, both EphAS5- and Tacr3-immunoreactive cells with strong inten-
sities appeared in the pyramidal cell layer or stratum oriens of the hippocampal CAl region. Although the magnitude of the change was
decreased at the adult stage, Tacr3 in the CAl region showed a sustained increase in expressing cells until the adult stage after devel-
opmental hypothyroidism. On the other hand, EphA5-expressing cells did not show sustained increase at the adult stage. The results
suggest that developmental hypothyroidism caused sustained neuronal expression of Tacr3 in the hippocampal CA1 region, probably

reflecting a neuroprotective mechanism for mismigration.

KEY worps: developmental hypothyroidism, EphAS, hippocampal CA1 region, Tacr3.

Thyroid hormones are essential for normal fetal and neo-
natal brain development. They control neuronal and glial
proliferation in definitive brain regions and regulate neural
migration and differentiation {12, 18, 21]. In humans,
maternal hypothyroxinemia, early in pregnancy, may have
adverse effects on fetal brain development and importantly,
even mild-moderate hypothyroxinemia may result in subop-
timal neurodevelopment [4]. These results may increase the
concern of thyroid hormone-disrupting chemicals in the
environmnient.

Experimentally, developmental hypothyroidism leads to
growth retardation, neurological defects and impaired per-
formance on a variety of behavioral learning actions [1, 2].
Rat offspring exposed maternally to anti-thyroid agents
such as 6-propyl-2-thiouracil (PTU) show brain retardation,
with impaired neuronal migration and white matter hypo-
plasia involving limited axonal myelination and oligoden-
drocytic accumulation [6, 8, 21]. The outcome of this type
of brain retardation is permanent and is accompanied by
apparent structural and functional abnormalities. However,
it is still unclear whether the molecular aberrations remain

* CORRESPONDENCE TO: SHIBUTANI, M., Laboratory of Veterinary
Pathology, Tokyo University of Agriculture and Technology, 3—
5-8 Saiwai-cho, Fuchu-shi, Tokyo 1838509, Japan.
e-mail: mshibuta@cc.tuat.ac.jp

J. Vet. Med. Sci. 72(2): 187-195, 2010

in the retarded brain after maturation.

Histological lesion-specific gene expression profiling
provides valuable information on the mechanisms underly-
ing lesion development. We have established molecular
analysis methods for DNA, RNA and proteins in paraffin-
embedded small tissue specimens utilizing an organic sol-
vent-based fixative, methacarn, with high performance
close to that achieved with unfixed frozen tissue specimens
{22, 26, 27]. We have previously applied these techniques
to analyze global gene expression changes in microdis-
sected lesions [23, 28].

Hippocampal CAl region is a well-known target of
developmental hypothyroidism [8], and we, in our recent
study, detected a distribution variability of hippocampal
CA1 pyramidal neurons reflecting mismigration in rat off-
spring at the adult stage after developmental exposure to
anti-thyroid agents [24]. The present study was performed
to determine whether developmental hypothyroidism trig-
gers sustained aberrations in neuronal development associ-
ated with neuronal mismigration until the adult stage. For
this purpose, we first performed a global gene expression
profiling of the CAl-pyramidal cell layer in rat offspring at
the end of developmental exposure to anti-thyroid agents.
To distinguish chemical-specific expression changes from
hypothyroidism-linked ones, two different anti-thyroid
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agents, PTU and 2-mercapto-1-methylimidazole (MMI),
were used, and dose-related responses were also examined
with PTU. To extract the neuronal cell layer-specific gene
expression profile, microdissection technique was applied
for microarray analysis. Based on the expression profiles
obtained, cellular localization of the molecules showing
altered expression were then immunohistochemically exam-
ined in the hippocampus at the adult stage as well as at the
end of the developmental exposure.

MATERIALS AND METHODS

Chemicals and animals: 6-propyl-2-thiouracil (PTU;
CAS No. 51-52-5) and methimazole (2-mercapto-1-meth-
ylimidazole: MMI; CAS No. 60-56-0) were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Pregnant
Crj:CD®(SD)IGS rats were purchased from Charles River
Japan Inc. (Yokohama, Japan) at gestation day (GD) 3
(appearance of vaginal plugs was designated as GD 0). Ani-
mals were housed individually in polycarbonate cages with
wood chip bedding, maintained in an air-conditioned animal
room (temperature: 24 + 1°C; relative humidity: 55 + 5%)
with a 12-hr light/dark cycle and allowed ad libitum access
to food and tap water. A soy-free diet (Oriental Yeast Co.,
Ltd., Tokyo, Japan) was chosen as the basal diet for the
maternal animals to eliminate possible phytoestrogen
effects [10], and water was given ad libituin throughout the
experimental period including the l-week acclimation
period.

Awnimal experiments: The animal experiments were iden-
tical to those in a previous study [24]. In brief, maternal ani-
mals were randomly divided into four groups including
untreated controls. Eight dams per group were treated with
3 or 12 ppm of PTU or 200 ppm of MMI in the drinking
water from GD 10 to postnatal day (PND) 20 (PND 0: the
day of delivery). On PND 2, the litters were culled ran-
domly, leaving four male and four female offspring. On
PND 20, 20 male and 20 female offspring (at least one male
and one female per dam) per group were subjected to prepu-
bertal necropsy [13, 24].

The remaining animals were maintained until postnatal
week (PNW) 11. All offspring consumed the CRF-1 basal
diet and tap water ad libitum from PND 21 onwards. At
PNW 11, all pups were subjected to adult stage necropsy
[13, 24].

All animals used in the present study were weighed and
sacrificed by exsanguination from the abdominal aorta
under deep anesthesia. These protocols were reviewed in
terms of animal welfare and approved by the Animal Care
and Use Committee of the National Institute of Health Sci-
ences, Japan.

Preparation of tissue specimens and microdissection: For
microarray and subsequent real-time RT-PCR analyses, the
whole brain of male offspring was removed at prepubertal
necropsy on PND 20 (n=4/group) and was fixed with meth-
acarn solution for 2 hr at 4°C [22]. Coronal brain slices
taken at the position of =3.5 mm from the bregma were
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dehydrated and embedded in paraffin. The embedded tissue
blocks were stored at 4°C until tissue sectioning for micro-
dissection [9].

For microdissection, 4-m-thick sections between ten 20
m-thick serial sections were prepared. The 4 ym-thick
sections were stained with hematoxylin and eosin for confir-
mation of anatomical orientation of the hippocampal sub-
structure to aid microdissection. The 20 zm-thick sections
were mounted onto PEN-foil film (Leica Microsystems
GmbH, Welzlar, Germany) overlaid on glass slides, dried in
an incubator overnight at 37°C, and then stained using an
LCM staining kit (Ambion, Inc., Austin, TX, U.S.A.).
Bilateral sides of the hippocampal CA1 pyramidal cell layer
in the sections were subjected to laser microbeam microdis-
section (Leica Microsystems GmbH) (Fig. 1). Twenty sec-
tions from each animal were used for microdissection, and
the bilateral microdissected samples were collected and
stored in separate 1.5-m/ sample tubes at —80°C until the
extraction of total RNA,

RNA preparation, amplification and microarray analy-
sis: Total RNA extraction from hippocampal CAl samples,
quantitation of the RNA yield, and amplification of RNA
samples were performed using previously described meth-
ods [9, 28].

For microarray analysis, second-round-amplified biotin-
labeled antisense RNAs were subjected to hybridization
with a GeneChip® Rat Genome 230 2.0 Array (Affymetrix,
Inc., Santa Clara, CA, U.S.A.), as previously described [28].

The selection of genes and normalization of the expres-
sion data were performed using GeneSpring® software
(ver7.2, Silicon Genetics, Redwood City, CA, U.S.A.). Per
chip normalization was performed according to a previously
described method [28]. Genes showing signals judged to be
“absent” in all eight samples of untreated controls and in the
anti-thyroid agent-exposed group were excluded. Genes

Overview of the hippocampal formation of a male rat at
postnatal day 20 stained with hematoxylin and eosin.
Bar=200 zm. The CA1 pyramidal cell layer, enclosed by a
solid line, was microdissected for the microarray and subse-
quent real-time RT-PCR analyses. The number of cells
immunoreactive for the candidate molecules in this area was
normalized for the length of CA1 used.

Fig. 1.
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showing expression changes with differences of at least
twofold in magnitude from the untreated controls were
selected, and the “presence” signal in more than 3/4 of sam-
ples in each group showing higher expression values were
selected. Genes showing altered expression in common in
the anti-thyroid agent-exposed groups were also selected.
Real-time RT-PCR: Quantitative real-time RT-PCR was
performed to confirm the expression values obtained with
microarrays using an ABI Prism 7000 Sequence Detection
System (Applied Biosystems Japan, Tokyo, Japan). Genes
those showing altered expression (22-fold, <0.5-fold) in
common in the anti-thyroid agent-exposed groups as com-
pared with untreated control offspring were randomly
selected, irrespective of the presence or absence of statisti-
cally significant difference. As a result, the following seven
genes (four up-regulated and three down-regulated) with
known function were selected as targets: Tachykinin recep-
tor 3 (Tacr3), Calbindin 1, Slit homolog 2 (Drosophila) and
Pleomorphic adenoma gene-like 1 (Plagll) as up-regulated
examples, and Myelin-associated oligodendrocytic basic
protein (Mobp), Endothelial differentiation, sphingolipid G-
protein-coupled receptor, 8 and CCAAT/enhancer binding
protein as down-regulated. RT was performed using first-
round antisense RNAs prepared for microarray analysis.
For real-time PCR analysis of the genes selected, ABI
Assays-on-Demand™ TaqMan® probe and primer sets from
Applied Biosystems (available at https://products.applied
biosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2
&catlD=601267)(n=4/group) were used. For quantification
of the expression data, a standard curve method was applied.
The expression values were normalized to two housekeep-
ing genes, Glyceraldehyde 3-phosphate dehydrogenase and
Hypoxanthine-guanine phosphoribosyltransferase.
Immunohistochemistry: To evaluate the immunohis-
tochemical distribution of the molecules selected by
microarray analysis, the brains of male pups obtained at
PND 20 or PNW 11 were fixed in Bouin’s solution at room
temperature overnight. Six animals were used as untreated
controls, six for 200 ppm MMI, eight for 3 ppm PTU, and
nine for 12 ppm PTU on PND 20. On PNW 11, 10 animals
were used as untreated controls and 10 for 200 ppm MM],
nine for 3 ppm PTU, and six for 12 ppm PTU.
Immunohistochemistry was performed on the brain tissue
sections of PND 20 and PNW 11 animals with antibodies
against Ephrin type A receptor 5 (EphAS; rabbit IgG, 1:50;
Abcam, Cambridge, U.K.) and Tacr3 (rabbit polyclonal
antibody, 1:3,000, Novus Biologicals, Inc., Littleton, CO,
U.S.A.), which were incubated with the tissue sections over-
night at 4°C. Antigen retrieval treatment was not performed
for these antigens. Immunodetection was carried out using
a VECTASTAIN® Elite ABC kit (Vector Laboratories Inc.,
Burlingame, CA, U.S.A.) with 3,3’-diaminobenzidine/H,0,
as the chromogen, as previously described [23]. The sec-
tions were then counterstained with hematoxylin and cover-
slipped for microscopic examination.
With regard to EphAS, Efnas, a gene encoding the repre-
sentative ligand for this receptor molecule [5], was found to
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be up-regulated (>2-fold) by microarray analysis in all of
the groups exposed to anti-thyroid agents in the present
study (Table 1). Because distribution of EphAS5 has been
confirmed in the pyramidal cells of the hippocampal CA1
region at both developmental and adult stages in mice and at
adult stage in humans [3, 17], we selected this molecule to
examine distribution changes in the present study. Tacr3
was also up-regulated in all of the MMI and PTU groups by
microarray analysis and real-time RT-PCR in the present
study (Table 1). Expression of Tacr3 in the hippocampal
CA1l pyramidal neurons has also been confirmed in rats
[11], and therefore, we also selected this molecule for exam-
ination in the expression changes in the present study.

Morphometry of immunolocalized cells and apoptotic
cells: EphAS- or Tacr3-immunoreactive cells distributed in
the pyramidal cell layer or stratum oriens of the hippocam-
pal CAl region were bilaterally counted and normalized to
the number in the length of the CA1 region measured (Fig.
1). Tacr3-immunoreactive cells in the subgranular zone of
the dentate gyrus were also bilaterally counted and normal-
ized for the number in the length of the granular zone mea-
sured. For quantitative measurement of each
immunoreactive cellular component, digital photomicro-
graphs at 100-fold magnification were taken using a BX51
microscope (Olympus Optical Co., Ltd., Tokyo, Japan)
attached to a DP70 Digital Camera System (Olympus Opti-
cal Co., Ltd.), and quantitative measurements were per-
formed using the WinROOF image analysis software
package (version 5.7, Mitani Corp., Fukui, Japan).

Statistical analysis: Numerical data of the number of
immunoreactive cells were assessed using Student’s #-test to
compare the untreated controls with each of the anti-thyroid
agent-exposed groups when the variance was homogenous
among the groups using a test for equal variance. Ifa signif-
icant difference in variance was observed, Aspin-Welch’s ¢-
test was used instead. The data for gene expression levels
from real-time RT-PCR analysis were analyzed by the
Kruskal-Wallis test, followed by Bartlett’s test. When sta-
tistically significant differences were indicated, Dunnett’s
multiple test was used for comparisons with the untreated
controls. For the microarray data, statistical analysis was
performed with GeneSpring® software, and the significance
of gene expression changes was analyzed by Student’s r-test
or ANOVA between the untreated controls and each of the
anti-thyroid agent-exposed groups.

RESULTS

Microarray analysis: Figure 2 shows the Venn diagram
of genes showing altered expression in the microdissected
CA1 pyramidal neurons in the exposure groups in combina-
tion or individually in each exposure group. Many genes
were found to be up- or down-regulated in common in two
of the three groups. The numbers of genes classified into
common categories between the groups or individually in
each group were similar in terms of up- and down-regulated
genes. The number of genes showing up- or down-regula-
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Table 1. List of representative genes showing up- or down-regulation cominon to 2-mercapto- I-methylimidazole (MMI), 3 and 12 ppm 6-
propyl-2-thiouracil (PTU) (22-fold, <0.5-fold)

Gene function Accession No. Gene title Symbol MM! 3ppm 12ppm
PTU PTU
Up-regulated genes (of 119 genes in total)
Nervous system Al101660 Slit homolog 2 (Drosophila) Slit2 3.0 262 7.08
development
Nervous system NM_024358.1 Notch gene homolog 2 (Drosophila) Notch2 252 201 2.02
development
Nervous system AWS27295 Ephrin A5 Efnas 3.2 346 4.31
development
Nervous system NM_053465.1 Fucosyltransferase 9 Fut9 2.13 6.75 2.1
development
Nervous system BE106256 Sparc/osteonectin, cwev and kazal-like domains Spockl 322 313 2.15
development proteoglycan 1
Calcium ion binding X04280.1 Calbindin 1 Calbl 448  4.85 9.00
Calcium ion binding BM386119 UDP-N-acetyl-alpha-D-galactosamine:polypeptide Galnt3 243 230 2.63
N-acetylgalactosaminyltransferase 3 (GalNAc-T3)
Calcium ion binding BI279663 Desmocollin 2 Dsc2 2.82 204 5.62
Calcium ion binding AI105369 Calmodulin-like 4 Calmi4 340 225 5.59
Zinc ion binding BE098686 Similar to Tuf receptor-associated factor 1 LOC687813 3.10 204 2.78
Zinc ion binding BF562032 RAN binding protein 2 Ranbp2 349 267 2.78
Zinc ion binding BF397925 ADAMTS-like 1 Adamtsl] 622 255 7.63
Zinc ion binding BF395606 Splicing factor, arginine/serine-rich 7 Sfis7 4.93 2.06 2.90
Apoptosis. NM_012760.1 Pleomorphic adenoma gene-like 1 Plagll 310 428 6.86
Apoptosis NM_057130.1 Harakiri, BCL2 interacting protein (contains only Hrk 2.63 273 3.18
BH3 domain)
Cell Adhesion AA850909 Poliovirus receptor-related 2 Pvil2 474 246 2.61
Cell Adhesion AA819731 Hyaluronan and proteoglycan link protein 4 Hapind 413  6.67 3.46
Cell Adhesion BI287851 Collagen, type VI, alpha 2 Col6a2 345 219 5.12
Ton channel activity AA851939 FXYD domain-containing ion transport regulator 6 Fxyd6 4.73 261 7.85
Other NM_017053.1 Tachykinin receptor 3 Tacr3 732 619 12.49
Down-regulated genes (of 97 genes in fotal)
Nervous system NM_031018.1 Activating transcription factor 2 Atf2 041 036 0.36
development
Neuron migration BF390065 Roundabout homolog 3 (Drosophila) Robo3 0.06 031 0.04
Neuron AF115249.1 Endothelial differentiation, sphingolipid Edg8 0.40 0.06 0.08
differentiation G-protein-coupled receptor, 8 .
Neuron NM_024125.1 CCAAT/enhancer binding protein (C/EBP), beta Cebpb 0.31 043 0.26
differentiation
Myelination X89638.1 Myelin-associated oligodendrocytic basic protein Mobp 035 018 0.12
Myelination NM_017190.1 Myelin-associated glycoprotein Mag 047 036 0.29
Myelination NM_022668.1 Myelin oligodendrocyte glycoprotein Mog 044 032 0.19
Myelination NM _012798.1 Mal, T-cell differentiation protein Mal 0.37 028 0.28
Myelination AA945178 Signal recognition particle receptor, B subunit Srprb 033 027 0.15
transferrin Tf
Zinc ion binding NM_012566.1 Growth factor independent 1 transcription repressor Gfil 020 044 0.41
Zinc ion binding AWS529624 Zinc finger protein 91 Zp91 033 032 0.38
Actin binding AW522439 Ermin, ERM-like protein Ermn 0.43 0.42 0.28
Apoptosis BG377720 Solute carrier family 5 (sodium/glucose SlcSall 025 019 0.19
cotransporter), member 11
Apoptosis U21955.1 Eph receptor A Epha7 0.34 048 0.18
Cell Adhesion BM391100 Mucin 4, cell surface associated Muc4 043 036 0.27
Other AW435010 Protein tyrosine phosphatase, non-receptor type 3 Ptpn3 038 046 0.36
Other AF312319.1 gamma-aminobutyric acid (GABA) B receptor 1 Gabbrl 0.33 041 0.39
Other NM_053936.1 Endothelial differentiation, lysophosphatidic acid Edg? 0.47 031 0.31

G-protein-coupled receptor, 2
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Fig. 2.

Venn diagram of gene populations showing altered expression in the hippoc-

ampal CA1 pyramidal cell layer at postnatal day 20 in response to maternal expo-
sure to propylthiouracil and/or 2-mercapto-I-methylimidazole compared with the
untreated controls. (Left) Up-regulated genes (22-fold). (Right) Down-regulated
genes (<0.5-fold). Abbreviations: MMI, 2-mercapto-1-methylimidazole; PTU, 6-

propyl-2-thiouracil.

Table 2. Validation of microarray data by real-time RT-PCR
200 ppm MMI 3 ppm PTU 12 ppm PTU
Gene Microarray Reai-time RT-PCR Microarray Real-time RT-PCR Microarray Real-time RT-PCR
normalized to normalized to normalized to
Hprt? Gapdh? Hprt " Gapdh Hprt Gapdh
Tacr3® 7.321221%% 429127 408 +1.15% 6.19+2.19%% 346+1.42 3.76 £ 1.51% 1249+ 1.56%* 923+3.00%* 8.81 +1.60%*
Calbl?® 4.48 £0.66* 3.96 +£0.74 3.67+0.16 4.85+253* 474+248 493%3.79 9.00 + 1.85%* 11.13 £2.13%* 10.53 £3.26**
Shit2®  3.04£0.79 2.83+0.90 408+1.15% 262+£1.16 1.33+0.67 3.67+1.51% 7.0812.15%*% 472+2.57%* 8.8l +1.60**
Plgit?  3.10+1.57 12.67+5.00 11.5 =750 428 +2.88 18.33+6.00 19.00+9.00% 6.86%2.85** 30.67 +£5.33%* 27.00 +8.00%*
Mobp® 035+ 0.15** 0.6 +£0.22* 0.52+0.16* 0.18+0.07** 024z 0.07%* 024 £0.05** 0.12+0.02** 0.18+0.04¥* 0.16 £0.04**
Edg8™ 040£0.11% 0.49+0.16* 043+0.13* 0.06+0.05** 029+0.10%** 028+0.08** 0.08£0.07** 021+007** .18 £0.03%*
Cebpb? 0.31£0.06%* 043 +£0.04** 0.38£0.06%* 043 £0.18** 0.77+£0.07 076 £0.10 026 £0.04%*  0.39%0.16% 0.35%0.22%%

a) Hprt, Hypoxanthine-guanine phosphoribosyltransferase; b) Gapdh, Glyceraldehyde 3-phosphate dehydrogenase; c) Tacr3, Tachykinin receptor
3; d) Calbl, Calbindin 1; e) Slit2, Slit homolog 2 (Drosophila); f) Plgli, Pleomorphic adenoma gene-like 1; g) Mobp, Myelin-associated
oligodendrocytic basic protein; h) Edg8, Endothelial differentiation, sphingolipid G-protein-coupled receptor, 8; i) Cebpb, CCAAT/enhancer
binding protein (C/EBP), beta.

Values are mean + SD (n=4) relative to the expression level in the untreated controls. Real-time RT-PCR analysis of Hprt and Gapdh was

performed in the analysis of each target gene.

* *%: Significantly different from the untreated controls at P<0.05 and P<0.01, respectively (Dunnett’s multiple comparison test).

tion in response to 12 ppm PTU was approximately 2-fold
higher than that with 3 ppm PTU. The number of genes
showing up- or down-regulation in response to 200 ppm
MMI was in between that elicited by 3 or 12 ppm PTU.
One-hundred nineteen genes were up-regulated in common
by MMI and PTU, with PTU showing up-regulation from 3
ppm. On the other hand, 97 genes showed down-regulation
in all MMI and PTU groups. Representative genes showing
up- or down-regulation in all three groups are shown in the
Table 1. Among the genes listed, genes associated with ner-
vous system development, zinc ion binding, apoptosis and
cell adhesion were commonly up- or down-regulated.
Genes related to calcium ion binding were found to be up-
regulated and those for myelination were often down-regu-
lated.
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Real-time RT-PCR analysis: For confirmation of the
microarray data, four genes that were up-regulated and three
that were down-regulated in response to anti-thyroid agents
were selected for mRNA expression analysis by real-time
RT-PCR and the results are summarized in Table 2.

In all exposure groups, many of the expression changes
were similar in the two analysis systems, except for much
higher expression of Plagl] in all exposure groups by real-
time RT-PCR as compared with findings from the microar-
ray system.

Although we performed expression analysis of Efna5 by
real-time RT-PCR, expression values were rather low with
great variability between samples, and therefore, reliable
quantitative data could not be obtained (data not shown).

Immunoclocalization of EphAS and Tacr3 in the hippoc-
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Fig. 3. Distribution of immunoreactive cells for EphAS5 and Tacr3 in the hippocampal formation in rats at PND 20 after maternal
exposure to anti-thyroid agents. (A) EphAS-immunoreactive cells with strong intensity located within the pyramidal cell layer
and stratum oriens of the hippocampal CA1 region (arrows). Note the higher number of EphAS-positive cells in a case exposed
to 12 ppm PTU (Right) as compared with the control animal (Left). Bar =100 zm. The graph shows the number of EphAS5-pos-
itive cells/unit length (mm) of the CA1 region of the bilateral hemispheres. ** P<0.01 versus untreated controls (Student’s #-
test). (B) Tacr3-immunoreactive cells with strong intensity located within the pyramidal cell layer and stratum oriens of the
hippocampal CA1 region (arrows). Note the higher number of Tacr3-positive cells in a case exposed to 12 ppm PTU (Right) as
compared with the control animal (Left). Bar =100 um. The graph shows the number of Tacr3-positive cells/unit length (mm)
of the CA1 region of bilateral hemispheres. * P<0.05, ** P<0.01 versus untreated controls (Student’s #-test). (C) Tacr3-immu-
noreactive cells located in the subgranular zone of the dentate gyrus. Bar =50 4m. The graph shows the number of Tacr3-posi-
tive cells/unit length (mm) of the subgranular zone of bilateral hemispheres. Abbreviations: EphAS, Ephrin type A receptor 5,
MMI, 2-mercapto-1-methylimidazole; PTU, 6-propyl-2-thiouracil, Tacr3, Tachykinin receptor 3.

ampal formation: Immunohistochemical localization of
EphAS5 and Tacr3 in the hippocampal formation was exam-
ined at PND 20 and PNW 11.

On PND 20, EphA5 showed weak immunoreactivity in
the pyramidal neurons throughout the hippocampal forma-
tion in the untreated controls. This immunoreactivity was
unchanged by exposure to anti-thyroid agents. On the other
hand, very sparse distribution of strongly immunoreactive
cells for EphAS was observed in the region of the CA1 pyra-
midal cell layer and stratum oriens in the untreated control

-308-

animals, but immunoreactive cells were significantly
increased showing scattered distribution by PTU at both 3
and 12 ppm (Fig. 3A). MMI-exposed animals also showed
a small increase in the number of strongly positive cells with
EphAS. Increased intensity in immunoreactivity of EphAS
was also observed in the gray matter consisting of neuropil
at the stratum oriens of the CA1 region (Fig. 3A), and also
in the molecular layer of the dentate gyrus at PND 20 after
exposure to anti-thyroid agents, especially in PTU-exposed
groups (data not shown).
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Distribution of immunoreactive cells for EphA5 and Tacr3 in the hippocampal formation at PNW 11 of rats exposed
maternally to anti-thyroid agents. (A) EphAS-immunoreactive cells with moderate staining intensity located within the pyra-

midal cell layer and stratum oriens of the hippocampal CA1 region. EphAS-positive cells in a case exposed to 200 ppm MMI
(Right) as compared with the control animal (Left). The arrows show positive cells. Bar =50 gm. The graph shows the number
of EphAS-positive cells/unit length (mm) of the CA1 region of the bilateral hemispheres. (B) Tacr3-immunoreactive cells with
weak to moderate staining intensity located within the pyramidal cell layer and stratum oriens of the hippocampal CA1 region
(arrows). Immunoreactivity is rather faint as compared with that observed at PND 20. Note the higher number of Tacr3-posi-
tive cells in a case exposed to 200 ppm MMI (Right) as compared with the control animal (Left). Bar =50 zm. The graph
shows the number of Tacr3-positive cells/unit length (mm) of the CAl region of bilateral hemispheres. * P<0.05 versus
untreated controls (Student’s r-test). Abbreviations: EphAS, Ephrin type A receptor 5; MMI, 2-mercapto-1-methylimidazole;

PTU, 6-propyl-2-thiouracil; Tacr3, Tachykinin receptor 3.

With regards to Tacr3, the number of positive cells was
increased with a scattered distribution showing strong inten-
sity in the CA1 region similarly to that of EphAS in the ani-
mals exposed to MMI or PTU on PND 20, but they were
mostly absent in the untreated controls (Fig. 3B). Similarly,
Tacr3-immunoreactive cells were sparse in the subgranular
zone of the dentate gyrus in the MMI and PTU-exposed ani-
mals and in the untreated controls, but there were no differ-
ences in the number of positive cells as compared with the
untreated controls (Fig. 3C). In addition, increased intensity
in neuropil-immunoreactivity of Tacr3 was also observed in
the strata oriens and radiatum of the CAl region in all expo-
sure groups of anti-thyroid agents (Fig. 3B).

On PNW 11, EphAS showed weak immunoreactivity in
the pyramidal neurons throughout the hippocampal forma-
tion in the untreated controls. This immunoreactivity was
unchanged by exposure to anti-thyroid agents. EphAS5-
immunoreactive cells with moderate staining intensity were
very sparsely observed in the region of the CA1 pyramidal
cell layer and stratum oriens in the untreated control ani-
mals. There was no statistically significant increase in the
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number of these immunoreactive cells after exposure to
PTU, while animals exposed to MMI showed a tendency for
an increased number of immunoreactive cells (Fig. 4A).
Increased neuropil-immunoreactivity of EphA5 as observed
at PND 20 in exposure groups of anti-thyroid agents was
mostly disappeared at PNW 11 (data not shown).

As well as at PND 20, Tacr3-immunoreactive cells were
mostly absent in the untreated controls at PNW 11; how-
ever, a few immunoreactive cells with weak to moderate
intensity were observed in the stratum oriens of the CAl
region in the animals exposed to anti-thyroid agents. There
was a statistically significant difference in the animals
treated with MMI or 3 ppm PTU compared with the
untreated controls (Fig. 4B). Although the change was non-
significant and lacked dose-dependence, 12 ppm PTU also
showed an increasing tendency in the number of Tacr3-
immunoreactive cells. In addition, increased neuropil-
immunoreactivity of Tacr3 as observed at PND 20 in expo-
sure groups of anti-thyroid agents was mostly disappeared at
PNW 11 (data not shown).
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DISCUSSION

In our recent study using rats [24], after maternal expo-
sure to MMI or PTU, we detected typical hypothyroidism-
related changes in the thyroid-related hormone levels, and
hippocampal CAl pyramidal neurons due to neuronal mis-
migration, as previously reported {8]. We also observed
white matter changes, which seem to be due to impaired oli-
godendroglial development [6, 21]. To visualize molecules
related to impaired neuronal development, microdissected
CAl region-specific global gene expression profiling was
performed in the present study using the same animals that
were used in our previous study. Two recently published
studies have used microarrays to examine the expression
profiles in the cerebral cortex and hippocampus of genes
linked to developmental hypothyroidism caused by mater-
nal PTU-exposure [7, 19]. In accordance with these studies,
the genes that were significantly down-regulated in the
present study included those that play roles in myelination,
such as Mobp and myelin-associated glycoprotein, sugges-
tive of the reflection of suppressed myelination by develop-
mental hypothyroidism [21]. However, the genes that were
found to be up-regulated on microdissected CAl pyramidal
cell layer, including Efha5 and Tacr3, in the present study,
have not been identified in previous studies. This difference
may be related to the target tissues collected and the meth-
ods used, including microdissection of CAl pyramidal cell
layer from paraffin-embedded sections in the present study
versus manual dissection of the cortical tissues from unfixed
tissues in the previous studies.

EphAS5 is a tyrosine kinase receptor that is almost exclu-
sively expressed in the nervous system [15]. EphAS5 and its
ligand are important in mediating axon guidance, topo-
graphic projection, development, cell migration and the
plasticity of limbic structures [15]. In addition, the transient
expression of EphAS during development is correlated with
early neurogenesis and the migration of differentiated cells
in the midbrain [3]. Thus, although expression of EphAS
was mostly weak in the euthyroid CA1 pyramidal neurons at
PND 20, the increased number of EphA5-expressing cells
with strong intensity in the CA1 region during developmen-
tal hypothyroidism in the present study reflects the neuronal
mismigration caused by anti-thyroid agents. However, this
increase was recovered after cessation of developmental
hypothyroidism. Ephrins and their receptors are recently
identified molecules and functional relationship between
subfamily proteins is largely unknown; however, we, in the
present study, found down-regulation of Epha7, another
subfamily ephrin receptor, in all exposure groups of anti-
thyroid agents (Table 1).

Tacr3, a member of the mammalian tachykinin peptide
neurotransmitter/neuromodulator receptor family, is pre-
dominantly expressed in neurons in both the peripheral and
central nervous systems, including the hippocampus [25].
There is increasing evidence of the role of Tacr3 on the sur-
vival and function of dopaminergic neurons. The survival
of mesencephalic dopaminergic neurons during develop-
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ment largely depends on excitatory inputs, and tachykinins,
through their receptors, are reported to play role in excita-
tion [20]. On the other hand, senktide, a Tacr3 agonist, acti-
vates dopaminergic neurons to stimulate the release of
dopamine and serotonin, and hyperlocomotion in gerbils
[14]. Abnormal excitatory action of D,-like receptor, one of
the major subtypes of dopaminergic receptors, was observed
on glutamatergic transmission in the CA1 synapses in the
adult stage of rats after developmental hypothyroidism, sug-
gesting a permanent disruption of synaptic integration in the
CA1 neural networks [16]. While the role of Tacr3 in the
hippocampal CA1 region during development is not clear,
the increase in Tacr3-positive cells with strong intensity in
this region during developmental hypothyroidism suggests a
cell survival effect of tachykinin-3. Although the magni-
tude of the change was decreased, as compared with that at
the end of the developmental hypothyroidism, the increased
number of Tacr3-positive cells in the CAI region of MMI
and 3 ppm PTU-exposed animals may be an outcome of per-
manent disruption of synaptic integration, as described by
Oh-Nishi et al. [16]. However, sparse distribution of Tacr3-
positive cells may reflect that impairment sustained in a
small population of aberrantly migrated neurons.

In conclusion, in this study, we have shown gene expres-
sion profiles showing altered expression in response to
developmental hypothyroidism by analysis on microdis-
sected hippocampal CA1 pyramidal cell layer in rats.
Immunohistochemical analysis of the two candidate mole-
cules revealed that developmental hypothyroidism until
weaning is associated with the persistence of Tacr3-express-
ing neurons until the adult stage in the CA1 region, sugges-
tive of the reflection of permanent disruption of synaptic
integration. These findings probably reflect a mechanism to
facilitate cell survival of aberrantly developed neurons due
to mismigration.
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