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ABSTRACT - To demonstrate induction of delayed central nervous toxicity by disturbing neuronal
activities in the developing brain, we administered a single intraperitoneal dose of domoic acid {DA; 1
mg/kg), a potent glutamate receptor agonist, to pregnant female mice at the gestational day of 11.5, 14.5
or 17.5. The dams had recovered from acute symptoms within 24 hr, followed by normal delivery, feed-
ing and weaning. All male offspring mice after weaning were apparently normal in response to handlers
during cage maintenance, body weight measurement and to mate mice in group housing conditions. At
the age of 11 weeks, our neurobehavior testing battery revealed severe impairment of learning and mem-
ory with serious deviances of anxiety-related behaviors. The developed brain of prenatally exposed mice
showed myelination failure and the overgrowth of neuronal processes of the limbic cortex neurons. This
study indicates that the temporal disturbance of neurotransmission of the developing brain induces irre-
versible structural and functional damage to offspring which becomes monitorable in their aduithood by a

proper battery of neurobehavioral tests.
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INTRODUCTION

Adequate neural activities are necessary for the matu-
ration of neural networks during brain development (Rice
and Barone, 2000). Historically, the presence of such
plasticity-driven mechanisms has been demonstrated by
a series of studies of eyelid suture in kittens or monkeys
and corresponding findings reported in young human cat-
aracta patients (Wiesel, 1982; Gu et al., 1989; Fonta et
al., 2000). These processes require proper stimuli to the
brain that trigger the release of neurotransmitters from the
neurons and subsequent receptor-mediated signal trans-
duction (Ooi and Wood, 2008; Greer and Greenberg,
2008; Cohen-Cory, 2002). Therefore, it is highly conceiv-
able that disturbance of neural activities by neuroactive
xenobiotics leads to malformation of the fine structure of
the brain. Even when the exposure was transient, it would
result in anomaly of higher brain functions in adulthood

without overt signs of brain damage during maturation.
Glutamate receptors begin to express in the late
embryonic stages, and their expression increases with
the advance of brain development (Lujan et al., 2005;
Manent ef al., 2005). Prenatal exposure of xenobiot-
ic chemicals that interfere with the glutamate recep-
tor function could induce malformation of the fine struc-
ture of the brain which should lead to anomaly of higher
brain function that is different from acute neurotoxicity
known for such chemicals to induce in adults (Bondy and
Campbell, 2005). A marine biotoxin domoic acid (DA)
which is structurally related to glutamate, and activates
ionotropic a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) and kinate subtypes of glutamate
receptors (Pulido, 2008) is known to cause acute symp-
toms of diarrhea, seizures and memory loss in adult human
by eating contaminated shellfish (Tryphonas and Iverson,
1990), and DA induced acute neurotoxicity in animal
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model (Chandrasekaran et al., 2004). Additionally, DA
is also known to cross the placeata, and enters prena-
tal brain tissue in rats (Maucher and Ramsdell, 2007).
Therefore, prenatal exposure of DA may disrupt the neu-
ral activities by excessive stimulation of glutamate recep-
tors, and should induce fine structural and functional dis-
organization in the developing brain. Here, we report that
a transient transplacental DA exposure in utero induced
alteration of the neurobehavioral parameters and corre-
sponding fine brain structure of the male C57BL/6 mice
in their adulthood.

MATERIALS AND METHODS

Animal treatment

All experiments were catried out under approval of
Experimental Animal Use Committee of National Insti-
tute of Health Sciences, Japan. Pregnant C57LB/6 female
mice obtained from Japan SLC, Inc., were individually
housed in plastic breeding cages with free access to water
and pellet diet (CRF-1; Oriental Yeast Co., Tokyo, Japan)
in a 12 hr light-dark cycle conventional condition. Four
groups with five pregnant mice each were prepared. All
groups received three intraperitoneal injections on gesta-
tional day 11.5 (E11.5) as a late embryonic period, 14.5
(El14.5) and 17.5 (E17.5) as early and late fetal period
respectively. Group A (Control) received three i.p. shots
of saline on E11.5, E14.5 and E17.5. Group B (DA@
E11.5) received one shot of DA (Calbiochem, San Diego,
CA, USA) at a dosage of | mg/kg on E 11.5 and two
shots of saline on E14.5 and E17.5. Group C (DA@14.5)
received a shot of saline on El1.5, a shot of DA on E14.5
and another saline on E17.5. Group D (DA@E17.5)
received two shots of saline on E11.5 and E14.5 , and a
shot of DA on E17.5. The pups were weaned at 4 weeks
of age, and four male mice per liter were randomly select-
ed and housed in one cage with free access to water and
CREF-1 pellet until 11 weeks of age.

Immunohistochemical analysis

Brains (n = 4 male mice per group) were fixed with
methacarn fixative (methanol: chloroform:acetic acid,
60:30:10 v/v) and paraffin-embedded sections were pre-
pared. Mouse monoclonal anti-microtubule associat-
ed protein 2 (MAP2, sc-32791; Santa Cruz, CA, USA),
mouse monoclonal anti-neurofilament-m (NF-M, sc-
20013; Santa Cruz, CA, USA), rabbit polyclonal anti-
myelin associated glycoprotein (MAG, sc-15324; Santa
Cruz, CA, USA), and rabbit polyclonal anti MAP2 (sc-
20172; Santa Cruz, CA, USA) were used. Deparaffin-
ized sections were pretreated with HistoVT-One (Nacalai
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Tesque, Kyoto, Japan.) as previously described (Tanemura
et al., 2005) and incubated with primary antibodies. Sec-
ondary antibodies were Alexa 568-conjugated anti-mouse
IgG and Alexa 488-conjugated anti-rabbit IgG (Molecular
Probes, Eugene, OR, USA). Fluorescent images were
obtained with an FV-300 confocal laser scanning micro-
scope (Olympus, Tokyo, Japan). For semi-quantitative
analysis of images, we calculated the ratio of fluorescence
intensity compared to control mice (group A), by using
the IMAGE 7T program (http://rsb.info.nih.gov/ij/index.
html. National Institute of Health, Bethesda), after adjust-
ing background noise (n = 4 images per mouse).

Neurobehavioral tests

A battery of neurobehavioral tests were conducted on
open field test (OF), light/dark trausition test (LD), ele-
vated plus maze test (EP) and contextual/cued fear con-
ditioning test (FZ). Experimental apparatuses and image
analyzing softwares were obtained from O’Hara & Co.,
Ltd., Japan. Image analyzing softwares (Image OF4,
Image LD2, Image EP2 and Image FZ2) were developed
from the public domain IMAGE J program. All experi-
ments were done with 8 mice per group (32 mice total),
and were conducted between 13:30 and 16:30. The level
of background noise during behavioural testing was about
50 dBA. After each trial, the apparatuses were wiped and
cleaned.

Open field test

The locomotor activity was measured for 10 min using
an open field apparatus made of white plastic (50 x 50 x
40 (H) cm).

An LED light system was positioned 50 cm above the
centre of the field (50 lux at the centre of field). Total dis-
tance travelled (cm), time spent in the central area (30%
of the field) (sec), and the frequencies of movement were
measured (Tanemura et al., 2002).

Light/dark transition test

The apparatus used for the light/dark transition test
consisted of a cage (21 x 42 x 25(H) cm) divided into two
chambers by a partition with an opening. One chamber is
brightly illuminated (250 lux), whereas the other cham-
ber is dark (2 lux). A mouse is placed into the dark area
and allowed to move freely between the two chambers
through the opening for 5 min. The latency for the first
move to the light area, the total number of transitions and
the time spent on each side were measured.

Elevated plus maze test
The plus-shaped apparatus consisted of four arms (25
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x 5 cm) connected to a central square area (5 x 5 cm).
Opposite two arms are enclosed with 20 cm-high trans-
parent walls and other two are left open. The floor of the
maze is made of white plastic plate and is elevated 60 cm
above the room floor (200 lux at the centre of the appara-
tus). A mouse is placed to the central square area of the
maze, facing one of the open arms, and the behavior was
recorded for 10 min: total distance traveled (cm), total
time on open arms and central square area (sec) and the
total number of entry to any of the arms (Tanemura ef al.,
2002).

Contextual/cued fear conditioning test

The apparatus consists of a conditioning chamber (or a
test chamber) (17 x 10 x 10 (H) cm) made of clear plastic
with ceiling and placed in a sound proof box. The cham-
ber floor has stainless steel rods (2-mm diameter) spaced
5 mm apart for giving electric foot shock (0.1 mA, 3 sec
duration) to the mouse. The soundproof box counsists of
white-coloured wood, and is equipped with an audio
speaker and light source (35 lux at the centre of the floor).
A CCD camera is positioned 20 cm above the ceiling of
the chamber. During the conditioning trial (Day 1), mice
are placed individually into the conditioning chamber in
the sound proof box and, after 90 sec, they are given three
tone-shock pairings (30 sec of tone, 75 dB, 10 KHz fol-
lowed by 3 sec of electric shock at the end of tone, 0.1
mA) separated by 90 sec. Then they are returned to their
home cage. Next day (Day 2), as a “contextual fear test”,
they are returned to the conditioning chamber without
tone and shock for a 6-min. On the third day (Day 3), they
are brought to a novel chamber of different make without
stainless steel rods place in the sound proof box and, after
a period of 3 min, only the conditioning tone is present-
ed for 3 min (no shock was presented, 35 lux at the centre
of the floor). The freezing response of mice was defined
as a consecutive 2 sec period of immobility. Freezing rate
(%) was calculated as [time freezing/session time] x 100
(Tatebayashi et al., 2002).

Statistical analysis

Data were indicated as means = S.D. Statistical analy-
sis was conducted with student’s t-test by using StatView
(SAS Institute, Cary, NC, USA). A p-value of < 0.05
compared to the results of control male mice (group A)
was considered statistically significant,

RESULTS

Effects on morphology of brain by prenatal
exposure to DA

Offspring mice of all groups after weaning up to the
age of 11 weeks were apparently normal in response to
handlers during cage maintenance, body weight meas-
urement and to mate mice in group housing conditions.
Routine histological observation of the brain at 11 weeks
old by hematoxylin-eosin staining could not reveal dif-
ference among the groups (data not shown). By immuno-
histochemical study on the same brain sections, reduced
immuno-reactivity against the MAG, the marker for mye-
lin, was detected in the cortices of group B (DA@11.5)
and C (DA@14.5) compared to control (Figs. 1A-D
and I}. In contrast, increased immuno-reactivity against
MAP2, the marker for neuronal dendrite, was indicated
in the same area of group B (DA@I11.5), C (DA@14.5)
and D (DA@17.5) compared to control (Figs. E-H and
J). Increased immuno-reactivity against MAP2 was also
found in lateral area of CA3 hippocampus of group B
(DA@I11.5), C (DA®@14.5) and D {DA®@I17.5) compared
to control, whereas immuno-reactivity for MAP2 showed
no significant difference in medial area of CA3 hippocam-
pus among the groups (Figs. 2A-D and I). Immuno-reac-
tivity against NF-M; the marker for neuronal axon, also
showed no significant difference in the same area among
the groups (Figs. 2E-H and J).

Effects on behavior by prenatal exposure of DA

In the OF test, the distance traveled was not differ-
ent among the groups (Fig. 3A), the time spent in center
area was significantly prolonged in group D (DA@17.5)
mice (Fig. 3B). In the LD test, group C (DA@14.5) mice
stayed in light area for longer time (Fig. 4A), and laten-
cy for the first move to light area was significantly short-
er in group C (DA@14.5) and D (DA@17.5) (Fig. 4B).
In the EP test, significantly increased distance traveled
and time spent in the open area were detected for group
B (DA@I11.5), C (DA@14.5) and D (DA@17.5) (Figs.
5A and B). In the FZ test, both Day | and Day 2 freez-
ing responses of group C (DA@14.5) and D (DA@17.5)
were significantly reduced compared to control (Figs. 6A
and B).

DISCUSSION
The expression levels of glutamate receptors starts to
elevate at the fetal period, i.e. approximately from E14

(Lujan et al., 2005; Manent et al., 2005). Exogenous
glutamatergic stimuli at this period would affect the for-
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Delayed effects on cerebral cortex induced by prenatal exposure of DA.

A-D, Immunohistochemical staining against MAG; E-H, immunohistochamical staining against MAP2; I-L, merged images
of the cerebral cortex. A, E, I, group A (control), B, E, J, group B (DA@11.5), C, G, K, group C (DA@14.5) and D, H, L,
group D (DA@]17.5). Scale bar = 200 mm. M, Quantitative analysis in intensity ratio to control of MAG expression, and
J, MAP2 expression among the groups (mean + S.E.M.). Asterisk (**) and (*) indicate significant difference compared to

control (P < 0.01) and (P < 0.05).

mation of the neural circuits. An extreme example to sup-
port this hypothesis would be the phenotype of the dou-
ble knockout mouse of glutamate transportors GLT1 and
GLAST (Matsugami ef al., 2006). Lack of these trans-
portors is considered to result in abnormally high con-
centration of glutamate in the brain. In fact, morpholog-
ical anomaly became apparent in synchronization with
the expression of glutamine receptors. In our study, cor-
responding to the hypothesis, the neurobehavioral symp-

Vol. 34 Special Issue II

toms as a whole was severer for those exposed at fetal
periods, i.e. E14.5 and E17.5, compared to those at
embryonic period, i.e. E11.5 (Fig. 7).

We demonstrated that a prenatal exposure of a relative-
ly low dose of DA induced a spectrum of neurobehavioral
anomalies which became monitorable at the adult stage
accompanied by alteration in fine brain structures detect-
able by immunohistochemistry. It is emphasized that this
amount of DA did not induce abnormal responses dur-
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Delayed effects on hippocampus induced by prenatal exposure of DA.

A-D, Immunohistochemical staining against MAP2; E-H, immunohistochamical staining against NF-M; I-L, merged im-
ages, of CA3 hippocampus. A, E, I, group A (control), B, F, J, group B (DA@11.5), C, G, K, group C (DA@14.5) and D,
H, L, group D (DA@17.5). Scale bar = 200 mm. M, Quantitative analysis of MAP2 expression, and N, NF-M expression
among the groups (mean + S.E.M.). Asterisk (**) and (*) indicated significant difference compared to control (P <0.01)

and (P <0.05).

ing maturation, such as hyperreactivity to handling and to
cage mates, and did not present overt malformation of the
brain detectable by the routine H&E histology at the age
of 2 weeks (data not shown). It is also noted that the spec-
trum of the neurobehavioral symptoms induced in mice
exposed to DA at adulthood was different from those
monitored in this study (data not shown).

Although progressive hippocampal neuronal damag-
es were reported to be induced by prenatal administra-

tion of DA (0.6 mg/kg intravenous injection to the dam)
(Dakshinamurti et al., 1993), we did not find notable neu-
ronal loss or neuronal cell death as the delayed effects
in adult mouse brain by prenatal exposure. On the other
hand, we found myelination failure (Miller and Mi, 2007)
in cortex of group B (DA@11.5) and C (DA@14.5) mice.
And we also detected a finding compatible with the over-
growth of neuronal processes in cortex and hippocampus
of group B (DA@]11.5), C (DA@14.5) and D (DA@14.5)

Vol. 34 Special Issue 11

—222-



SP284

K. Tanemura et al.

A B
B
; 4000
9 3500
2 3000
§ 2500 -
g 2000 g
‘t‘:, 1500 :":
£ 1000 2
a 500 =
¢, 0 0y O,
"&;@g@g’@,g
7 75 37>
§ e S

Fig. 3. Delayed effects on locomotor activity (OF test) in-
duced by prenatal exposure of DA.
A, Mean distance travelled (total distances divided by
total duration of trial, 10 min) and B, mean time spent
in center area (30% of the field) in the open field appa-
ratus (mean = S.E.M.). Asterisk (**) and (¥) indicated
significant difference compared to control (P < 0.01)
and (P <0.05).
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Fig. 5. Delayed effects on anxiety-related behavior (EP test)

induced by prenatal exposure of DA.

A, Total distance travelled, and B, total time spent in
open area in the elevated plus maze apparatus (mean
+ S.E.M.). Asterisk (¥) indicated significant difference
compared to control (P < 0.05).

mice by using cytoskeletal marker. These findings indi-
cated that the disorganization of brain was induced by the
prenatal exposure of DA, and remained irreversibly up
until the maturation period.

Among multiple endpoints of the behavioral test bat-
tery we used, serious deviances in anxiety-related behav-
iors of group C (DA@14.5) and D (DA@]17.5) mice were
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Fig. 4. Delayed effects on anxiety-related behavior (LD test)

induced by prenatal exposure of DA.

A, Total time spent in light area, and B, latency time
to move to light area in the LD apparatus (mean =
S.E.M.). Asterisk (**) and (*) indicated significant dif-
ference compared to control (P < 0.01) and (P < 0.05).
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Fig. 6. Delayed effects on learning and memory (FZ test) in-

duced by prenatal exposure of DA.

A, Contextual fear test and B, cued fear test. Memory
performance is expressed as a mean percent duration
of freezing responses (mean + S.E.M.). Asterisk (**)
and (*) indicated significant difference compared to
control (P < 0.01) and (P < 0.05).

observed. Mice in those groups showed low performanc-
es in adaptations for novel circumstances, i.e., strange
and broad area in OF test, beamish place in LD test, high
and narrow space in EP test. Additionally, we also found
severe impairment of learning and memory. Although
the low performances of memory task have been report-
ed in rats with prenatal DA exposure (Levin et al., 2005),
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Summary radar chart of the neurobehavioral battery test results. Radial axis indicates the direction (increase or decrease) of

the deviation, and the p value of the endpoints compared to the control (+1 and -1, 0.01 <=p <0.05, +2 and -2, p < 0.01).
Regular dodecagon of radius 0 indicates no deviation from control.

we showed serious deviances about affective (emotional)
behaviors additional to severe memory deficit.

In conclusion, we clearly indicated that the distur-
bance against the adequate neural activity during devel-
opmental period when glutamate receptors became active
have induced delayed memory defect and unnatural adop-
tive behaviors that became monitorable at the matura-
tion period in mice. The responsible foci deduced from
these behavioral disturbances are the limbic cortex and
hippocampus. Our morphological findings are consist-
ent with the interpretation. A combination of neurobehav-
ioral and pathomorphological analysis was shown to be
an effective method to assess delayed neurotoxic effects
which dose not induce immediate organic brain dam-
age and related symptoms after exposure. Having adopt-
ed the hypothesis that exogenous stimuli to neural signal-
ing systems during the development of the brain can be a
cause of delayed anomaly of higher brain function, stim-
uli toward systems other than glutamate receptors should
also induce such anomaly of different targets and symp-
toms in concert with the distribution of the correspond-

ing receptor(s) in the developing brain. Such data on oth-
er system would be reported elsewhere.
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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 polycyclic aromatic hydrocarbons, Recent studies have
revealed that AhR is involved in the normal development and homeostasis of many organs. Here, we demon-
strate that AR knockout (AhR KO) mice are hypersensitive to lipopolysaccharide (LPS)-induced septic shock,
mainly due to the dysfunction of their macrophages. In response to LPS, bone marrow-derived macrophages
(BMDM) of AhR KO mice secreted an enhanced amount of interleukin-1$ (IL-1p). Since the enhanced IL-18
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-1p3 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-kB but not AhR 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 death, these results raise the possibility

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

The aryl hydrocarbon receptor (AhR) is a member of the basic
helix-loop-helix/Per-Arnt-Sim homology superfamily and is in-
volved in the induction of drug-metabolizing enzymes and the
susceptibility of cells to a variety of cytotoxicities induced by
dioxins (9). AhR is a ligand-activated transcription factor acti-
vated by polycyclic aromatic hydrocarbons (PAHs), such as
3-methylcholanthrene (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 nuclevs 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
ANR knockout (AhR KO) mice, it has been demonstrated that
AR 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 AhR
is involved in the normal development of several organs, including
the liver, heart, vascular tissues, and reproductive 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, Th17,and Thl 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 macrophages
secreted an enhanced amount of interleukin-18 (TL-1B) in re-
sponse to LPS treatment and had markedly reduced Plasminogen
activator inhibitor-2 (Pai-2) mRNA concentrations, as revealed
by DNA microarray analysis. Pai-2 was reported to be a negative
regulator of 1L-1f 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 AhR directly regulates the
expression of inhibitory Pai-2, in an LPS-dependent manner,
through a mechanism involving NF-xB but not Amt,

MATERIALS AND METHODS
Mice. AhR knockout (AhR KO) mice were generated as described previously

(17). Thesc mice were back-crossed with CS7BL/6] 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.4rm¢ (30) and AR (Jackson laboratory)
aileles were crossed to LysM Cre mice to specifically delete these genes in their
macrophages. ALR™Y= and AhRA9¥~::] ysM Cre miice were generated by mat-
ing ARR#¥ox: T yeM Cre and AhR ™~ (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 pl (4
mg/ml 3MC)/g of body weight or 10 ! 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/ml in 96-well plates, and cultured with 10 ng/ml
LPS for 8 h.

Tor isolation of peritoneal exudate macrophages (PEMs), mice were intra-
peritencally injected with 2 ml of 4% thioglycolate, Peritoncal cclls were isolated
from exudates of the peritoneal cavity 3 days after injection, incubated for 3 h in
appropriate plates, and washed with PBS. The adherent cells were used for
experiments.

Measurement of cytokines. Mice were intraperitoneally injected with 20 mg/kg
LPS and bled 2 h after injection. Plasma concentrations of IL-1B, tumor necrosis
factor alpha (TNF-«), IL-6, gamma interferon (IFN-v), IL-12, and IL-18 were
determined by enzyme-linked immunosorbent assay (ELISA) (Biosource).
BMDM of mice with wild-type AhR (AhR WT mice) and AhR KO at 2 X 10¢
celis/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-1B ELISAs (Biosource).

Celi culture. All cells were maintained in RPMI medium (Sigma) supple-
mented with 109 fetal bovine serum (HyClone) and penidillin/streptomycin
(Giheo) 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 uM Z-YVAD-FMK (caspase-1
inhibitor VI; Merck) or 100 M Z-VAD-FMK (caspase mhibitor VI; Merck) for
30 min before LPS (10 ng/ml) stimulation. The BMDM were incubated for 8 h,
and their culture supcrnatants were assossed for cytokines using a mouse IL-18
ELISA (Biosourcc).

Virus infections. Adenoviruses expressing green fluorescent protein (GEFP),
human Pai-2 (hPai-2), and human Bcl-2 (hBcl-2) were purchased from Vector
Biolabs (Philadelphia). BMDM from AhR KO mice were infected for 12 h with
adenoviruses expressing GFP, 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 adenoviral vectors enhanced IL-18 secretion in macrophages
(19), IL-1B levels were investigated in these incubation supernatants by ELISA.
At this point, no IL-18 was observed in the supernatants. Therefore, the cells
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/mi of LPS for an additional 8 h.

Retroviral infection was performed as follofws: pQC-mARR, a cloned murine
AhR (mAhR) fragment in pQCXIN (Clontech), and pQCXIN for LacZ expres-
sion (as a control) were transfected into PT67 cells that were then cultured for
24 h. 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 samplcs were purificd using Isogen before
being processed and hybridized to Affymetrix mouse genome 430 2.0 arrays
(Aflymetrix). ‘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/mi of Polybrene. One day after infection,
the infected cells were replated and incubated in a selection medium containing
0.5 mg/ml of Geneticin (Gibco).

Plasmids. pcDNA3-p65 and pcDNA3-AhR were generated by inserting AhR
and p65 cDNA fragments, excised from pBS-mAhR and pBS-mp65 (murine
p63), into the pcDNA3 vector, The 2.7-kb fragment upstream of (he Pai-2
transcription stait site was generated by PCR (primers 5'-gaagett GGGTTGCA
GATCCCTTTAGC-3' and 5'-ccatggtggCTGACACACAGGAAATGCTTC-3';
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 thc HindIII/Ncol-digested pGLA.10 (Promega) to produce
pGLA-Pai-2 (—2.7 kb). The 0.8-kb fragment upstream of the Pai-2 transcription
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start site was generated by PCR (primers 5'-ggaattcGAGAAGTGATCTGGTA
GATG-3" and §'-ceatggteg CTGACACACAGGAAATGCTTC-3") using pGL4-
Pai-2 (—2.7 kb) as a template and cloned into the pBS vector, After sequencing,
the construct was cleaved with HindIII/Neol, and the isolated insert was cloned
into the HindIll/Ncol-digested pGLA.10 (Promega) to produce pGLA-Pai-2
(~0.8 kb). pGL4-Pai-2 (~0.55 kb) was produced by cleaving pGL4-Pai-2 (~2.7
kb) with Ndel/EcoRV. pGL4-Fai-2 (~0.1 kb) was generated ina similar manner,
using primers 5'-GATGTCTITATGAGTAAAATGTTGAATCA-3 and 5'-cca
tgtggCTGACACACAGGAAATGCTTC-3". pGL4-Pai-2 (~0.55 kb C/EBPR
mutant) was generated by site-directed mutagenesis using a Sculptor in vitro
mutagenesis system (Ameirsham) with pGL4-Pai-2 (—0.55 kb) as a template and
primer pair 5'-GATTTAAAATTGGAAAggGCTAAATTCTIGAATTTTGAA
TGACATCAC-3' and 5-GTGATGTCATTCAAAATTCAAGAATTTAGC e
TTTCCAATTTTAAATC-3'.

RNA preparation and reverse transcription PCR (RT-PCR), Total RNA was
prepared using Isogen (Nippon Gene, Tokyo) according to the manufacturer's
protocol. cDNA synthesis from 1 pg of total RNA was carried out using Super-
Script II reverse transcriptase (Invitrogen, United States). Real-time PCR was
performed using an ABI7300 rcal-time PCR system (Applicd Biosystems) and
Platinum SYBR green quantitative PCR SuperMix (Invitrogen, United States),
Each sample was normalized to the expression of 8-actin as a control. The
primer sequences were as follows: Pai-2, 5-GCATCCACIGGCTTIGGAA-3
and 5'-GGGAATGTAGACCACAACATCAT-3'; Bel-2, 5'-GTGGTGGAGGA
ACTCTTCAGGGATG-3" and 5'-GGTCTTCAGAGACAGCCAGGAGAAAT
C-3'; AhR, 5'-TICTATGCTTCCTCCACTATCCA-3' and 5'-GGCTTCGTCC
ACTCCTTGT-3'; Arnt, 5-“GGACGGTGCCATCTCGAC-3' and 5'-CATCTG
GTCATCATCGCATC-3": Mmp-8, 5'-CCACACACAGCTTGCCAATGCC
T-3' and 5-GGTCAGGTTAGTGTGTGTCCACT-3'; Nqol, 5-TTTAGGGTC
GTCTTGGCAAC-3' and 5'-AGTACAATCAGGGCTCTICTCG-3'; AhR
repressor, 5'-CCTGTCCCGGGATCAAAGATG-3' and 5'-CTCACCACCAG
AGCGAAGCCATTGA-3"; IL-1B8, 5'-CTGAAGCAGCTATGGCAACT-3 and
5-GGATGCTCTCATCTGGACAG-¥; TNF-q, 5'-CTGTAGCCCACGTCGT
AGC-3’ and 5'-TTGAGATCCATGCCGTTG-3'; Cox-2, 5-GCATTCTTTGCC
CAGCACTT-3' and 5'-AGACCAGGCACCAGACCAAAG-Y; B-actin, 5'-GA
CAGGATGCAGAAGGAGAT-3' and 5'-TTGCTGATCCACATCTGCTG-3";
hPai-2, 5'-CCCAGAACCTCITCCTCTCC-3 and 5'-CATTGGCTCCCACTT
CATTA-3'; and hBcl-2, 5'-GTGTGTGGAGAGCGTCAACC-Y and 5'-GAGA
CAGCCAGGAGAAATCAAA-3'.

Reporter assays. All luciferase assays were performed using a dual-luciferase
reporter assay system according to the manufacturer’s protocol (Promega), with
some modifications. RAW 264.7 cells (2.0 X 10* celis/well) were plated in 24-well
plates 24 h prior to transfection. Cells were cotransfected with 100 ng pGL4-
Pai-2 (various lengths in kilobases) (see “Plasmids”), 1 ng Renilla luciferase (as
an intemnal control), and I ng pcDNA3-p65 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 transfected 293T cells were washed with
icecold PBS, followed by buffer containing 20 mM HEPES, 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 sodium pyrophosphate (31). The cells
were harvested by scraping, centrifuged at 5,000 rpm 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
samplcs werce then contrifuged at 15,000 rpm for 5 min at 4°C, and the supcr-
natants were saved as whole-cell lysates.

"The prepared whole-cell lysate (250 pl) was incubated with anti-immunoglob-
ulin G, anti-AhR antibody, or anti-p65 for 2 h at 4°C. The reaction mixture was
supplemented with 20 ul 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) sample buffer. The coimmunoprecipitated proteins were
resolved by SDS-polyacrylamide gel electrophoresis (PAGE), and Western blot
analysis was performed.

ChIP assays. Chromatin IP (ChIP) assays were performed with PEMs from
ARR WT and AhR KO mice. PEMs were stimulated with 10 ngfmi 1PS for 60
min and then fixed with formaldehyde for 10 min. The cells were lysed and
sheared by sonication. The lysis solution was incubated with immunoglobulin G
or preimmune serwm 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 analyzcd by rcal-timec PCR using primer pair 5'-GGAAGT
TCCCTGAGGCTTATAGG-3' and 5'-ATGGAAGCACATACATAAGAACA
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TGG-3' for the NF-xB binding site of Pai-2, 5'-TGAGTGTGAGTGGTGCAG
ATTAC-3" and 5-CCTCCCACACAGCTCITTTTITC-3' for mPai-2 TATA, 5'-
CGGAGGGTAGTICCATGAAA-3 and 5'-CAGGCTITTTACCCACGCAA
A-3' for the NF-«B binding site of mCox2, and 5'-CGCAACTCACTGAAGC
AGAG-3’ and 5-TCCTTCGTGAGCAGAGTCCT-3' for mCox-2 TATA. The
antibodies used were as follows: anti-AhR serum, preimmune serum, anti-pG3,
and anti-Polll 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 difluoride membranes and biocked in 3% skim milk
for 30 min. Fach antibody was used as a primary reagent, and afler 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
manufacturcr’s recommendations. Nuclcar estracts were preparcd by a standard
method (25). The antibodies used were as follows: anti-Amt serum (28); anti-
AhR (Biomot); anti-Pai-2, anti-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
ABR 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 AhR 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 mice to the LPS treatment, AhR KO
mice had marked increases in plasma IL-1pB, IL-18, and TNF-«
levels (P < 0.001), with modest increases in IL-6 and TFN-y
(Fig. 1B). In contrast, there was no difference in plasma IL-
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 ALR (AhR"™¥~:LysM Cre
[AAhR Mac] mice) to evaluate the contribution of macro-
phages to the LPS hypersensitivity of AhR KO mice. When
AAhR Mac and control mice (AhR™™) 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 LPS
hypersensitivity in AhR KO mice.

Elevated IL-18 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 AhLR WT and AhR KO mice (n = 10) after
LPS challenge (20 mg/ml). (B) TNF-«, IL-6, TL-12p70, IL-1p, IL-18,
and IFN-y plasma levels 2 h after LPS challenge (20 mg/m!). Horizon-
tal bars show the mean results. (C) Partial protection of AhR 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. AhR
WT-oil, n = 29; AhR WT-3MC, n = 28; AhR KO-oil, n = 13; AhR
KO-3MC, n = 13, %, P < 0.001; **, P = 0.001; #*%, P < 0.005; #x#%*,
P = (.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-a and
-1 in the culture medium were assessed by ELISA. Com-
pared to the levels in AhR WT BMDM, the levels of IL-18
secretion by AhR KO BMDM were markedly elevated, along
with slight increases in TNF-o, in response to LPS treatment
(P < 0.001) (Fig. 2B, left). However, IL-18 mRNA levels were
not altered between AhR WT and AhR KO BMDM (Fig. 2C,
left). These data indicated that AbR deficiency markedly in-
creased IL-13 accumulation due to its enhanced secretion
rather than its increased synthesis.

Esxpression 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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FIG. 2. LPS induces abnormal secretion of IL-13 by BMDM from AhR
KO mice. (A) Survival of AhR™~ (ABR f/—; n = 15) and AhR™ :LysM
Cre (AhR f/—:cre; n = 19) mice after LPS challenge (25 mg/ml). (B) IL-18
and TNF-« levels in the culture supernatants of AhR WT and ARR KO
BMDM 8 h after 1PS stimulation (10 ng/ml) (1 = 4). (C) Relative expression
levels of IL-18 and TNF-o mRNA 4 h after LPS stimulation (10 ng/mi) of
AhR WT and AhR KO BMDM. Gray and black bars show results with LPS;
white bars show results for untreated cells. Error bars show standard devia-
tions. *, P = 0.03; **, P < 0.001; NS, not significant.

L

dependent changes in gene expression that were related to
IL-1B secretion (Table 1). Among the genes whose expression
was reduced in AhR KO macrophages, we noted the markedly
reduced levels of expression of the Pai-2 and Bcl-2 genes.
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These genes were significant because they had been reported
to negatively regulate IL-18 secretion by inhibiting the activity
of caspase-1 (5, 10). Consistent with the notion that the en-
hanced secretion of IL-18 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-1f in AhR
KO BMDM (Fig. 3A). To confirm their reduced expression 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 AhR KO
BMDM. To investigate whether the increased IL-1B secretion
in AhR KO BMDM was due to their reduced Pai-2 and Bcl-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-1B (Fig. 3C), but almost no effect was
observed with Bcl-2 expression. Bcl-2 has been reported to
suppress 1L-18 secretion that is specifically processed through
the NALP1 complex and regulated by muramyl dipeptide,
which is usually a contaminant in commercial LPS (5). These
results suggested that the enhanced IL-1B secretion in re-
sponse to LPS was due not to processing through the NALPL
complex (5) but to processing through the NALP3 complex, an
inflammasome-containing. caspase-1 regulated by LPS (16),
and that decreased Pai-2 expression is at least one of the causes
for the increased IL-1B 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
refmarkably reduced in AhR KO macrophages compared with
the levels in AhR WT macrophages. Interestingly, AhR
mRNA and protein expression levels were also induced by LPS
stimulation (Fig. 4A and B). In response to various PAHs,
AhR 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
Fold change Gene name Gene product
WT PEMs KO PEMs

14.0 0.561 0.040 Gsta3 Glutathione S-transferase alpha 3
10.2 7.826 0.767 Pai-2 Plasminogen activator inhibitor-2
55 9.354 1.700 Cyplbl Cytochrome P450, family 1, subfamily b, polypeptide 1
4.6 0.206 0.045 Nkif NI-«B repressing factor
3.6 1.922 0.541 Cxel5 Chemokine (C-X-C motif) ligand 5
31 13.670 4.444 Mmp8 Matrix metallopeptidase 8
2.9 1.406 0.489 Cxell3 Chemokine (C-X-C motif) ligand 13
2.6 2111 0.800 Lrre27 ) Leucine-rich repeat-containing 27
2.5 3.466434 1.394728 Caf Connective lissue growth factor
2.2 3.849141 1722473 Mecoln3 Mucolipin 3
2.2 1.204793 0.550093 Ngol NAD(P)H dehydrogenase, quinone 1
2.0 . 6.96623 3.453017 ler3 Immediate early response 3
2.0 0.596479 0.294062 Bcel2 B-cell leukemia/lymphoma 2
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FIG. 3. Decreased Pai-2 expression is one of the causes of the
increased IL-18 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 Bel-2 mRNA
in AhRR WT and AhR KO BMDM. (C) The effect of hPai-2 and hBcl-2
reconstitution on the LPS-induced secretion of IL-13 and TNF-a by
AhR KO BMDM. BMDM from AhR KO mice were infected with the
individual adenovirus (adeno) vectors and then washed and incubated
for 24 h. IL-18 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
(Ngol) 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. 4E; also see Fig. S1 in the supplemental
material). In stark contrast, the expression of Pai-2 was not
much different in Arnt KO and Arnt 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-xkB 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. S2 in the supplemental material). This 2.7-kb Pai-2 re-
porter gene contained a previously reported NF-«B 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. 5A). 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. 52 in the supplemental mate-
rial)., With this 0.8-kb Pai-2 construct, the addition of AhR 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 AhR and NF-«B.
Further downstream, we noticed the presence of a putative
C/EBP binding sequence (around 250 base pairs upstream of
the transcription initiation site), which has been reported to be
responsible for 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 AhR 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-«B binding site, and this occurs
independent of AhR (Fig. 5D), with concomitant binding of
Polll to the transcription initiation site (TATA) of the Cox-2
gene (Fig, 5E). 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®¥~::LysM 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/EBP@ in an LPS-dependent manner in both AhR WT and
KO macrophages. This binding of C/EBPB to the Pai-2 pro-
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FIG. 4. Amt is not required for LPS-induced enhancement of Pai-2 expression. (A) Relative Pai-2 and AhR mRNA expression levels in AhR
WT and AhR KO PEMs 4 h after treatment with (black or gray bars) or without (white bars) LPS (10 ng/ml). (B) Immunoblot analysis of Pai-2
and AhR expression in AhR WT and KO PEMs after a 16-h incubation with LPS (10 ng/mi). (C) Immunoblot analysis of Arnt in Arntfo¥ex ang
Arnt®fos. T ysM Cre PEMs. (D) Relative Pai-2 mRNA expression levels 4 h after incubation of Arnt™*¥#°* (black bar) and Arnt®¥fex::L ysM Cre
(batched bar) PEMs with LPS (10 ng/ml). (E) Left, relative expression levels of Mmp-8 and Nqol mRNA in Arnt®8°~ (black bar) and
Arnt®¥®°x: T ysM Cre (hatched bar) PEMs treated with DMSO (white bars) or 3MC (black or hatched bar) (1 uM). Right, relative expression
levels of Mmp-8 and Nqol mRNA in AhR WT (black bar) and AhR KO (gray bar) PEMs treated with DMSO (white bars) or 3MC (black or gray
bar) (1 pM). (F) Survival of Arnt®™" (Arnt f/—; n = 7) and Amt®"::LysM Cre (Amt f/—:cre; n = 12) mice after LPS challenge (25 mg/ml).
Error bars show standard deviations. IB, immunoblot; +, present; —, absent; «, anti.

moter might explain the weak LPS-induced activation of Pai-2
gene expression in AhR KO macrophages (Fig. 4A; also see
Fig. S3 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-length AIR, we
observed much lower levels of expression of Pai-2 in the
ANA-1 cells transfected with AhR NLSm (a mutant located
predominantly in the cytoplasm) (Fig. 6B, bars 3, 4, 11, and
12). On the other hand, transfection with AhR CA (a consti-

tutively active mutant located predominantly in the nucleus)
gave a result for Pai-2 expression comparable to that of the
transfection with full-length AhR (Fig. 6B, bars 3, 4, 7, and 8).
These results indicated that nuclear AhR 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 S68, AhR accumulates in the nucleus (12). There-
fore, it could be considered that in macrophages, AhR is in-
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FIG. 5. Recruitment of transcription factors necessary for LPS-induced Pai-2 expression. (A) LPS-induced luciferase expression from the Pai-2
(—2.7 kb) and Pai-2 (—0.8 kb) reporter genes. RAW 264.7 cells were transfected with each reporter gene, with and without pcDNA3-AQR (0 ng,
50 ng, 100 ng) and/or pcDNA3-p65 (1 ng). Values represent the means, normalized to Renilla luciferase activity (used as an internal control), +
standard deviations of the results of three independent experiments. The activities shown by the fourth and seventh pairs of bars were used as
standards for normalizing the relative activities of the other conditions. (B) AhR WT and AhR KO PEMs were left untreated or were treated with
1PS for 1 h. Cytoplasmic (Cyto) and nuclear (Nuc) extracts were immunoblotted with antibodies against AR, p65, tubulin, and lamin. (C) Co-IP
of AhR and p65. Whole-cell extracts from AhR WT PEMSs were coimmunoprecipitated with anti-AhR antibody. Co-IPs and Western blotting were
performed as described in Materials and Methods. (D) Relative expression levels of Cox-2 mRNA in AhR WT and AhR KO PEMs after 4 h of
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in Materials and Methods. Error bars show standard deviations. +, present; —, absent; «, anti; IgG, immunoglobulin G.

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
requirement 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 AhR Y9F (the mutant
with attenuated DNA binding) (18). Compared with the ex-
pression in stable ANA-1 cells transfected with full-length
AhR, neither of the cell lines transfected with AhR AC or AhR
Y9F significantly expressed Pai-2 (Fig. 6B, bars 3 to 6, 9, and
10). These results indicate that both the activation and DNA
binding domains of AhR wete 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).

DISCUSSION

AhR was originally found as a transcription factor that was
involved in the induction of xenobiotic-metabolizing CYP1A1
by TCDD and other PAHs and has been found to act 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
AhR 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-1p, TNF-a, IL-18, and IFN-y
(Fig. 1A and B). It has been reported that in endotoxic shock,
TL-1B and TNF-o are rapidly released and trigger a secondary
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FIG. 6. Nuclear localization, activation, and DNA binding domains
of AhR are required for AhR-dependent Pai-2 expression. (A) Immu-
noblot analysis of full-length AbR or mutants in LacZ or AhR trans-
formant ANA-1 cells. Paired lanes labeled 1 and 2 show results from
experiments using two independent transformants. (B) Relative ex-
pression levels of Pai-2 mRNA in ANA-1 cells transfected with LacZ
or full-length AR or mutants. Bars show quantification of the results
in the 12 lanes in panel A; error bars show standard deviations. *, P’ <
0.001; NS, not significant. (C) Interaction of p65 and AhR mutants.
Co-IP of p65 and full-length AhR or mutants expressed in 293T cells,
using anti-p65 antibody. AhR FL (full-length) comprises amino acids 1
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 AhR YIF, Y9 was
mutated to F; and in AhR NLSm 37R, 38H, and 39R were mutated to
A, G, and S, respectively. IB, immunoblot; «, anti; +, present.

inflammatory cascade that is dependent on the transcription
factor NF-kB (10). Mice with a macrophage-specific condi-
tional deletion of AhR (AhR™¥™::LysM Cre) were more sus-
ceptible to LPS-induced septic shock than ARR™¥~ mice,
indicating that the dysfunction of macrophages due to AhR
deficiency is one of the major causes of the enhanced suscep-
tibility of AhR KO mice to LPS-induced septic shock (Fig. 2A).
Consistent with these observations, isolated AhR KO BMDM
secreted much larger amounts of IL-18 and had a slight in-
crease in TNF-« in response to LPS (Fig. 2B). Since IL-1p
mRNA levels were not altered between AhR KO and AhR
WT BMDM (Fig. 2C), the increased IL-1f3 secretion is prob-
ably not due to the enhanced synthesis but, rather, is likely due
to enhanced processing of IL-18. (16).

We thought that this IL-1B 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-1pB se-
cretion revealed that the levels of expression of Pai-2 and Bel-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 IL-183 oversecretion in AhR
KO macrophages, while no suppressive effect was observed
with Bcl-2 expression (Fig. 3C). It has been reported that there
are several pathways for processing IL-18 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-
ments using AIKKB myeloid mice, Pai-2 has been reported to
suppress IL-1f 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 IL-18 pro-
cessing is regulated by the same mechanism as IL-1B, which is
consistent with the marked increase in plasma IL-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-1B 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 address the molecular details of Pai-2-regulated
I1-1B secretion.

Although it has been reported that Pai-2 mRNA was in-
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 responsive to LPS (Fig. 5A and E). This
sequence search suggested that AhR might not regulate Pai-2
gene expression in the canonical way (i.e., heterodimerized
with Arnt) and led us to investigate whether Arnt 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
AhR interacts predominantly with Arnt but not with Arnt2
(27). Therefore, it is highly likely that AhR enhances Pai-2
expression independently of Arnt family proteins (11). It was
previously reported that LPS induced Pai-2 expression through
activation of NF-«B (21) and that AhR physically interacted
with p65 (31) to activate or inhibit gene expression in a con-
text-dependent manner (31). In out reporter gene assay using
RAW 264.7 cells, the Pai-2 reporter gene required both NF-kB
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-«B-binding site of the Pai-2 gene, which
confers LPS inducibility (Fig. SE), 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 p635 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 PollI 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 ReIBAhRE (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
ABR Y9F 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 RelBAhRE sequence. How-
ever, the experiments using the reporter gene containing a
tandem arrangement of four ReIBAhRE 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.
AhR 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 AhR 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 AhR
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
IL-18 and IL-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 CA| 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 refated 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 (1 1-week-old) as well as at the end of exposure. At weaning, both EphAS- 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 CAl region, probably

reflecting a neuroprotective mechanism for mismigration.

KEY worDs: developmental hypothyroidism, EphAS, hippocampal CA1 region, Tact3.

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-distupting chemicals in the
environment.

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 183-8509, Japan.
e-mail: mshibuta@cc.tuat.ac.jp

~236-

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 libitum throughout the
experimental period including the 1-week acclimation
period.

Animal 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

dehydrated and embedded in paraffin. The embedded tissue
blocks were stored at 4°C until tissue sectioning for micro-
dissection [9].

For microdissection, 4-zan-thick sections between ten 20
um-thick serial sections were prepared. The 4 um-thick
sections were stained with hematoxylin and eosin for confir-
mation of anatomical orientation of the hippocampal sub-
structure to aid microdissection. The 20 zan-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 CA1 samples,
quantitation of the RNA vyield, 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 CAl 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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