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Thus, our rat models of autism are well suited for investigations of
the embryonic development of the nervous system.

Although the embryonic development of facial nerves in our rat
model of autism has not been fully characterized, embryonic VPA
treatment has been shown to reduce the number of adult motor
neurons, including those of the facial nuclei (Rodier et al., 1996),
resulting in anatomical anomalies within the cranial motor nuclei.
Moreover, we previously reported on morphological abnormalities
in the peripheral facial nerves in an embryonic rat model of autism
(Tashiro et al., 2011). In these rats, peripheral facial nerves became
truncated and defasciculated (Tashiro et al, 2011). In addition,
Ornoy (2009) reviewed the relationship between VPA and autism,
including experiments using VPA to generate animal models of
autism, and concluded that experimental animal models gener-
ally mimic the effects of VPA in man, although animals seem to
be more resistant to VPA than humans. Taken together, these find-
ings suggest that the development of facial neurons, not only in the
peripheral nerves but also in the central hindbrain, including the
facial nuclei, should be examined after VPA exposure.

In the present study, to examine the caudal migration of neu-
rons and the initial formation of facial nuclei in a rat model of
autism, VPA was administered to pregnant rats at ES.5. This enables
delivery to the embryos via the placenta and subsequent dis-
tribution to the facial nuclei. We utilized a combination of flat
whole-mount preparations and in situ hybridization for molecu-
lar markers expressed in the cranial motor neurons to allow us to
clearly identify the facial nuclei and quantify their size for statistical
analysis.

2, Material and methods
2.1. Animals and teratogen exposure

All experiments involving animals were approved by the Community of Labora-
tory Animal Research Center at the University of Mie, Japan. Details of the teratogen
administration have been previously described (Miyazaki et al., 2005; Narita Naoko
et al,, 2002; Narita Masaaki et al., 2010). In brief, female Wistar rats (2-6 months old)
were mated overnight and the day of insemination was designated as embryonic
day (E) 0.5. On ES.5, at 1:00 p.m., 800 mg/kg VPA was administered orally without
sedation to dams in each group using an infant feeding tube (Atom Medical, Tokyo,
Japan) attached to a 2.5 ml disposable syringe. We referred to prior animal experi-
ments using these teratogens to determine the doses of VPA (Ingram et al., 2000).
Because our previous study showed that VPA exposure after £9.5 induced morpho-
logical abnormalities of facial nerves {Tashiro et al.,, 2011), we adopted E9.5 as the
day of administration. VPA was prepared by dissolving the drug in 5% arabic gum in
distilled water. No pregnant mothers died from the dose of VPA, and most embryos
survived.

2.2. Flat whole-mount preparations of rat hindbrain

Embryos were removed from the dams at E13.5, E14.5 or E15.5, and the
crown-rump length (CRL) was measured at each stage. The portion of the head con-
taining the midbrain and hindbrain was dissected out in cold phosphate-buffered
saline (PBS). To obtain flat whole-mount preparations of the hindbrain, the dorsal
midline of the neural tube was comnpletely cut and the 4th ventricle was opened. The
isthmus of the midbrain-hindbrain boundary was cut, and the hindbrain was care-
fully freed from the meninges and surrounding tissue while keeping the trigeminal
ganglion and vestibular ganglion, as well as their roots, intact.

Flat whole-mounted hindbrains were fixed in 4% paraformaldehyde in PBS for
7-10hat4 °C. Tissues were thern washed twice with Tris-buffered saline (TBS), dehy-
drated through a graded methanol/TBS series at 4 <C, and stored in 100% methanol
ar-20+C

In observing tissues under a microscope, to ensure equal pressure across whole-
mounted hindbrains, multiple layers of plastic tape were inserted as supports
between the slide and coverslip. Because the layered plastic tape supports the load
from the coverslip, the preparations received equal pressure in all locations and
were not transformed by unequal pressure.

2.3. Insitu hybridization

A DNA fragment corresponding to a portion of rat Thx20 {nucleotides 51-885,
GenBank NM.001108132) or cdh8 (nucleotides 1909-2435, GenBank NM_053393.2)
cDNA was cloned into the pGEM-T Easy vector (Promega, La Jolla, CA). Using
this plasmid as a template, sense and antisense single-strand RNA probes

were synthesized using a digoxigenin labeling kit (Roche Diagnostics, Tokyo,
Japan). Whole-mount in situ hybridization using sense probes detected no sig-
nal except background noise, demonstrating specific hybridization to the target
sequences.

In situ hybridization on flat whole-mounted hindbrains was performed accord-
ing to the methods of Nieto et al. {1996), with minor modifications. Tissues were
treated with 0.3% HpO;/methanol for 30min and rehydrated through a graded
methanol/PBST series. The hindbrains were then treated with 10 pg/ml proteinase
K/PBST and fixed in 0.2% glutaraldehyde/4% paraformaldehyde in PBS. After rins-
ing three times for Smin in PBST, they were prehybridized in prehybridization
solution (50% formamide; 5 x SSC; 50 pg/ml yeast RNA (Roche); 50 pg/ml hep-
arin (Roche); 5mM EDTA; 1% SDS). Tissue was then incubated in hybridization
solution (prehybridization solution containing 1mg/ml probe) overnight at 60 C.
After high-stringency washes, the tissues were blocked for 2 h in blocking reagent
(Roche) and incubated in a 1/500 dilution of anti-digoxigenin-AP conjugate (Roche)
in blocking reagent for 3 h. After an overnight wash with TBST, the signals were
visualized in NTMT (0.1 M Tris-HCl, 0.1 M Nacl}, 0.05M MgCl,, and 0.1% Tween 20)
containing nitroblue tetrazolium chloride/5-bromo-4-chlore-3-indoly! phosphate,
toluidine salt (Roche).

2.4, Statistical analysis

Embryos from at least three different dams were analyzed for each condition.
Bilateral facial nuclei were analyzed in each embryo and the number of analyzed
facial nuclei pairsisreferred to in the text as “n=". Digital images were captured using
a light microscope equipped with a CCD camera (DXM1200F, Nikon, Tokyo, Japan).
The intensities of Thbx20 or cdh8 signals and the sizes of the areas circumscribed by
these signals were measured using Image | software. Signal intensity was defined
such that complete white was scored as “0" and complete blackas "255". The relative
level of signal intensity was determined by comparison with the signal intensity in
the control group. The boundaries of these regions were determined based on the
signal threshold, excluding background noise. The mean and standard deviation (SD)
was calculated, and differences among developmental stages were evaluated using
t-tests.

3. Results
3.1. Development of Tbx20-positive facial motor neurons

To elucidate the development of the cranial motor nuclei within
the hindbrain, in relation to the rostrocaudal and dorsoventral axes,
flat whole-mount preparations (Fig. 1) from E13.5, 14.5 and 15.5
embryos were analyzed. Flat whole-mount embryonic hindbrain
preparations were subjected to in situ hybridization using an RNA
probe for Thx20, which is expressed in early cranial motor neurons
(Figs. 2 and 3).

In whole-mount preparations from control embryos at E13.5,
intense Thx20 signals were observed near the floor plate between
the vestibular ganglia, corresponding to r4 at the rostrocaudal leve]
(Fig. 2A). Weak Tbx20 signals were observed in the ventral column
lateral to the floor plate (data not shown). In whole-mount prepa-
rations from embryos exposed to VPA in utero, the pattern of Thx20
expression was similar (Fig. 2B).

At E14.5 in the control group, Thx20 signals extended from r4
through r5-6 in a caudolateral direction (Fig. 2C, arrows). Toward
the caudal end of the Thx20 expression domain, the signal faded out
(Fig. 2C, arrowheads). These signal patterns were similar to those
observed in the VPA-exposed group (Fig. 2D).

Because flat whole-mount preparations are much thicker at
E15.5 than they are at earlier stages, Thx20 signals could be
observed more clearly from either the ventricular or pial sides
(Fig. 3). In the control group, despite limited Thx20 expression near
the floor plate on the ventricular side (Fig. 3A, arrows), the cau-
dal end of the Thx20 signals was located on the pial side and had
an ovoid appearance (Fig. 3C, asterisks). In addition, intense Thx20
signals were also observed between the trigeminal ganglia, corre-
sponding to r2 at the rostrocaudal level on the pial side (Fig. 3C and
D, arrowheads).

In the VPA-exposed group, the pattern of Thx20 expres-
sion was similar (Fig. 3B and D). However, the signals near
the floor plate were more intense than those in the control
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Fig. 1. Flat whole-mount preparation of the hindbrain. (A) Schematic diagram showing the cut site in the neural tube. Embryonic rat hindbrains were dissected and oriented
with the ventricular side down (Tashiro et al., 2000). (B) Schematic diagram of a flat whole-mount preparation of the hindbrain. Figs. 2, 3 and 5 correspond to the area
outlined by the red square in B. CP: cerebellar plate, Di: diencephalon, FP: floor plate, Is: isthmus, Mes: mesencephalon, Met: metencephalon, Myel: myelencephalon, Tel:
telencephalon, SC: spinal cord, Vth G: trigeminal ganglion, VIIith G: vestibular ganglion. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article).

group (Fig. 3B, arrows) and the oval Tbx20-positive region
appeared to be smaller than it was in controls (Fig. 3C and
D, asterisks). The pattern of Tbx20 signals near the floor plate
was considered to represent the migratory pathway of facial
motor neurons, and the oval areas positive for Thx20 signals
at the caudal end were considered to represent the facial
nuclei.

To identify differences in the migratory pathways and the
sizes of facial nuclei between control and VPA-exposed groups,
the Tbx20-positive areas were measured. The area of the Thx20-
positive migratory pathway (x10% pm?) was 0.66+0.17 in the

Citrl

E13.5

control group (n=6) and 1.37+0.31 in the VPA-exposed group
(n=12), revealing a significant increase in the size of the pathway
in embryos exposed to VPA compared with controls (p<0.001).
The area of the Thx20-positive facial nuclei (x10% um?) was
9.33+0.92 in the control group (n=6) and 7.55+1.02 in the
VPA-exposed group (n=12), revealing a significant reduction
in the size of these nuclei compared with controls (p<0.01).
When the sizes of Tbx20-positive facial nuclei were plotted
against the sizes of Thx20-positive migratory pathways (Fig. 4),
the resulting graph showed an inverse relationship between
the two, with increasing size of the migratory pathway and

VPA

Fig. 2. Tbx20 expression patterns at E13.5 and E14.5. (A and B) E13.5 preparations showing Tbx20 signals near the floor plate in the control group (A) and VPA-exposed
group (B).(C and D) E14.5 preparations showing Tbx20 signals near the floor plate in the control group (C) and VPA-exposed group (D). Thbx20 signals extend in a caudolateral
direction (arrows). Near the caudal end of the Tbx20 expression domain, the signal fades out (arrowheads). Rostral is up. Scale bar: 250 pm.
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Fig. 3. Thx20 expression pattern at E15.5. (A and B) E15.5 preparations, viewed from the ventricular side, showing Thx20 signals near the floor plate in the control group
(A) and VPA-exposed group (B). Signals in the migratory pathway of the VPA-exposed preparation (B, arrows) are more intense than those in the control preparation (A,
arrows). (C and D) E15.5 preparations, viewed from the pial side, showing Thx20-positive facial nuclei in the control group (C) and VPA-exposed group (D). The facial nuclei
are smaller in embryos exposed to VPA (D, asterisks) than in control embryos (C, asterisks). Rostral is up. Scale bar: 250 pm.

decreasing size of facial nuclei following VPA exposure (p <0.001;
R=-0.74).

3.2. Size of facial nuclei

To determine the sizes of mature facial nuclei, the area of cad-
herin 8 (cdh8) expression was measured (Fig. 5). The cdh8 gene
is expressed in developed facial motor nuclei (Korematsu and
Redies, 1997), and is not expressed within the migratory path-
way (Fig. 5). The area of the cdh8-positive facial nuclei { x 104 p.m?)
was 9.87 +£0.43 in the control group (n=4) and 7.06 +1.31 in the
VPA-exposed group (n=>5), revealing a significant reduction in the
area of cdh8 expression in the facial nuclei of VPA-exposed animals
(p<0.01). Indeed, the average area of cdh8-positive facial nuclei
in the VPA-exposed group was 28.4% less than that in the control
group.

CRL of E15.5 embryos was also measured. VPA-exposed animals
appeared robust and had no external malformations. CRL (mm)
was 12.80+0.37 in the control group (n=5) and 12.24+0.18 in
the VPA-exposed group (n=4), revealing a significant reduction in
CRL in VPA-exposed embryos at E15.5 (p<0.05). The average CRL
in VPA-exposed embryos was only 4.3% less than that in control

embryos; thus, the reduction in the size of the cdh8-positive facial
nuclei was nat directly proportional to the reduction in average
CRL.

3.3. Expression levels of cdh8 in the facial nuclei

To estimate the contribution of the cell adhesion molecule cad-
herin 8 to the development of the facial nuclei, a preliminary
analysis of the expression levels of cdh8 was performed. The sig-
nal intensity in the VPA-exposed group was normalized to that in
the control group, which was designated as 100%. The intensity
of the cdh8 signal in the facial nuclei was 100.0+2.8 in the con-
trol group (n=4) and 84.5 +12.2 in the VPA-exposed group (n=5),
revealing a significant reduction (by 15.5%) in cdh8 expression in
the VPA-exposed group compared with controls (p <0.05).

4. Discussion

We examined the development of facial nuclei in an animal
model of autism, established by in utero exposure to VPA, using
in situ hybridization for the molecular markers Tbx20 and cdh8.
Analysis of Thx20 expression revealed similar patterns of caudal
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Fig. 4. Correlation between the area of the Thx20-positive migratory pathway and
the facial nucleus. The increase in the size of the migratory pathway is inversely
proportional to the reduction in the size of the facial nucleus (p <0.001, R=-0.74).
Open circles: control group, filled circles: VPA-exposed group.

migration of neurons to the facial nuclei in control and VPA-
exposed groups; however, this caudal migration of neurons was
hindered in animals exposed to VPA, with the result that the facial
nuclei were significantly smaller in these animals. Our data provide
the first description of tangential migration and nucleus formation
in the developing hindbrain in a rat model of autism. Moreover,
this disruption during early development of the facial nuclei might
contribute to the etiology of autism with facial palsy.

4.1. Technical consideration

To assess the distribution of Thx20 and cdh8 signals in the devel-
oping hindbrain, flat whole-mount preparations (Tashiro et al.,
2000, 2007) were used. These allowed us to observe signal distribu-
tions within both the rostrocaudal and dorsoventral axes, without
requiring the reconstruction of serial sections. Because later-stage
whole-mount preparations are not suitable for an analysis of sig-
nal depth, we restricted our observations to the ventricular and pial
sides at E15.5.

Facial nuclei were identified based on the expression of Thx20
and cdh8 mRNA signals and their anatomical locations within the
flat whole-mount preparations. Because Tbx20 is expressed in all
early-stage cranial motor neurons (Kraus et al., 2001; Meins et al.,

2000; Song et al., 2006), it was not possible to distinguish the
facial nuclei from the abducens or trigeminal motor nuclei. How-
ever, using flat whole-mount preparations enabled us to positively
identify the migratory pathways taken by neurons to reach these
nuclei based on anatornical landmarks as well as the positioning of
the ganglia and their roots. The trigeminal ganglion is positioned
near rostrocaudal level r2, and Thx20 signals near the trigeminal
ganglion are considered to represent the trigeminal motor nuclei
(Noden, 1993). The vestibular ganglion is positioned near rostro-
caudal level r4; Thx20 signals near the floor plate between these
ganglia are considered to represent the facial motor nuclei. The
neurons that comprise the facial nuclei originate in r4 and migrate
caudally to r6; their migratory pathways are well-described in
the literature (Chandrasekhar, 2004; Hatten, 1999; Noden, 1993;
Yamamoto and Schwarting, 1991) and are consistent with the
signal patterns we observed. The expansion of the area of Thx20-
positive signals is likely correlated to the migration of neurons to
and shape of facial motor nuclei. Thus, the combination of Tbx20 sig-
nals and positional information in flat whole-mount preparations is
an appropriate tool for evaluating the development of facial nuclei.

In addition to Tbx20 signals, cdh8 signals can be used to visualize
mature facial nuclei (Korematsu and Redies, 1997). Because cdh8
is not expressed in the migratory pathways of neurons destined
for the facial nuclei or other cranial motor nuclei in the hindbrain,
cdh8 signals enable us to specifically identify the area of the facial
nuclei. Quantification of facial nucleus area based on cdh8 expres-
sion is therefore more precise than measurements based on Tbx20
expression. We have provided the first numerical quantification of
the area of the developing facial nuclei following exposure to VPA
in utero.

4.2. Development of the facial nuclei in a rat model of autism

The caudal migration patterns of neurons destined for the facial
nuclei in a rat model of autism induced by VPA exposure were sim-
ilar to those seen in normal control rats. However, VPA exposure
hindered this migration and significantly reduced the area of the
facial nuclei. Although CRL was also reduced in the VPA-exposed
group, the amount of decrease was less substantial than that for
facial nucleus size, indicating that the reduction in the area of the
facial nuclei was not due to overall shrinkage of the entire embryo
after exposure to VPA. Moreover, the quantified decrease in facial
nucleus area suggests an even larger percent decrease in volume:
if the shape of the facial nucleus is assumed to be a sphere, then a
28.4% decrease in area equates to about a 40% decrease in volume.
Thus, the total size of the facial nuclei is considerably reduced in
animals exposed to VPA.

Fig. 5. Cdh8 expression in the facial nuclei. (A and B) E15.5 preparation, viewed from the pial side, showing cdh8-positive facial nuclei in the control group (A) and VPA-
exposed group (B). The facial nuclei are smaller in embryos exposed to VPA (B, asterisks) than in control embryos (A, asterisks). Note that cdh8 signals were not detected in
the migratory pathway (see also Fig. 3A and B, arrowheads). Rostral is up. Scale bar: 250 p.m.
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The reduction in facial nucleus size could be attributed to hin-
dered cell migration, as we observed cells stacked in the migratory
pathway, a common characteristic of failed cell migration, in addi-
tion to the observed inverse correlation between larger migratory
pathway area and smaller facial nucleus size. Accumulating in vive
and in vitro studies have begun to elucidate the molecular mecha-
nisms underlying the regulation of the caudal migration of neurons
to facial motor nuclei in normal fishes and rodents (Bingham et al,,
2002; McKay et al., 1997; Song et al., 2006; Studer et al.,, 1996;
Wada et al., 2006). Some cell adhesion molecules, such as cadherin
family members (LaMora and Voigt, 2009; Qu et al., 2010), could
contribute to this migration by acting as scaffolds or facilitating
the interactions between substrates. Therefore, a slight decrease in
cdh8 expression might lead to smaller facial nuclei by disrupting
cellular migration. A decrease in cdh8 expression may also explain
the observed defasciculation and misrouting of peripheral facial
nerves in the 2nd branchial arch (Tashiro et al., 2011), although
the complimentary expression of other adhesion molecules would
presumably regulate morphological development in peripheral and
central facial nerve regions.

Another possible explanation for the reduction in facial nucleus
size is a decreased number of cells within the nuclei given that
the birth dates of most of these nuclei correspond to the stage at
which VPA treatment was administered. VPA is known to affect
cell division and the cell cycle by disturbing histone deacetylation
(Chen etal.,, 2007; Phiel et al.,, 2001 ). The neurons of the facial nuclei
are produced between days E12 and E14, with peak production at
E13 (Altman and Bayer, 1982). In the present study, VPA exposure
was performed at ES.5, and the short pharmacokinetic half-life of
VPA in rodents (Nau et al., 1981) suggests that the effects of VPA
would be limited to a narrow temporal window. Therefore, VPA
treatment may reduce the number of early progenitor cells respon-
sible for producing facial neurons. Further analysis of nucleogenesis
is needed to clarify this possibility.

The mechanism by which VPA exposure affects the regulation
of cell migration or differentiation remains unknown. It is pos-
sible that VPA exposure could have changed the identity of the
rhombomeres. Various combinations of Hox gene expression are
used to specify individual rhombomeres as well as to regulate the
differentiation of cranial neurons (Erzurumlu et al.,, 2010; Noden,
1993; Trainor and Krumilauf, 2000; Yamamoto and Schwarting,
1991), and VPA exposure has been shown to alter the expres-
sion of Hoxal (Stodgell et al., 2006). These reports support the
hypothesis that VPA can change the identity of the rhombomeres.
In addition, retinoic acid also contributes to the caudalization of
the rhombencephalon (Altmann and Brivanlou, 2001; Glover et al.,
2006; Yamada, 1994) and alters Hox gene expression {(Conlon and
Rossant, 1992; Langston and Gudas, 1992). Thus, VPA might affect
retinoic acid signaling, which in turn regulates Hox gene expression.

In chicken embryos exposed to VPA in ovo, Pax6 expression in
the eye is diminished (Whitsel et al.,, 2002), indicating that VPA
exposure can alter the expression of Pax6. Given that Pax6 regu-
lates the specification of ventral neuron subtypes in the hindbrain
(Takahashi and Osumi, 2002), it is possible that VPA affects the
differentiation of facial motor neurons via Pax6 signaling. These
reports indicate that VPA exposure affects the environment in
which facial neurons differentiate and migrate within the hindbrain
during development.

4.3. Clinical significance

In the present study, exposure of rat embryos to VPA at
EQ.5 affected the development of the facial nuclei in the hind-
brain. In our previous study, we showed that exposure to VPA at
E9.5 aiso affected the development of the peripheral facial nerve
(Tashiro et al., 2011). Therefore, VPA exposure at E9.5 affects the

development of the entire facial nerve. The embryonic stage E9.5
in rat corresponds to the 3rd week of human gestation. Pregnant
women administered VPA, which is used as an anticonvulsant and
mood-stabilizing drug, during this stage, sometimes give birth to
children with fatal valproate syndrome or autism (Ehlers et al.,
1992; Miller et al., 2005). The pharmacokinetic half-life of VPA in
humans is 10-fold longer thanitisinrodents (Nauetal., 1981), sug-
gesting that the effects of VPA exposure on the development of the
facial nerves that we observed in the rat would be more pronounced
in humans. Our observations will contribute to the overall under-
standing of embryonic facial nerve development, and may be used
to determine the appropriate conditions for drug administration
during pregnancy.

Little is known about the capacity of abnormal morphogenesis
during these early stages to cause postnatal physiological dysfunc-
tion. In autism patients, disordered caudal migration during the
development of the facial nerve nuclei was shown to cause facial
disease (Rodier et al., 1996). Analysis of eye-blink in a rat model of
autism induced by VPA exposure might help to determine the level
of function of the facial nerve. These and future findings may aid
in the elucidation of the mechanisms underlying multiple inherent
diseases.
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Abstract. Working memory (WM) performance is considered to change according to the nature of the task by adequate and
prompt activation of corresponding functional connectivity in the brain. In the present study, we examined continuous prefrontal
hemodynamic changes depending on reciprocal disposition of WM and non-WM tasks using two-channel near-infrared spec-
troscopy. To investigate possible functional connectivity deficits in autism spectrum disorder (ASD) during these tasks, relative
concentration changes in oxygenated hemoglobin (Hb), deoxygenated Hb, and total Hb were compared between high-func-
tioning ASD subjects (n = 11) and controls (n = 22). Instant evoked cerebral blood oxygenation changes were observed in re-
sponse to the task switch in controls but not in ASD subjects, although the task performance rate was almost equivalent. Delayed

or altered response of functional connectivity to incoming stimuli is considered a characteristic feature of ASD.

Keywords: Autism, executive function, working memory, default mode network

1. Introduction

Autism spectrum disorder (ASD) is a set of disor-
ders associated with intercommunication and interre-
lation abilities that lead to impaired cognitive and
emotional development [1,2]. Furthermore, functions
of higher brain networks, such as theory of mind,
central coherence, and executive functions are defi-
cient to varying extents [3]. Although numerous
studies on functional neuroimaging have been con-
ducted [4—6], clear and consistent interpretation of the
defects in the prefrontal cortex (PFC) and its signal
processing have not been well understood until date.

*Correspondence: Dr. Naoko Narita, Institute of Education,
Bunkyo University, 3337 Minamiogishima, 343-8511, Koshi-
gaya-City, Saitama, Japan. Tel.: +81 489 7488 11; Fax: +81 489
748 960; E-mail: nnaritai@koshigaya.bunkyo.ac.jp.

Working memory (WM) is an executive function
related not only to brief information retention but also
to information manipulation for problem solving,
planning, and language processing [7]. Advanced
neuroimaging studies involving healthy individuals
have shown that the dorsolateral PFC (DLPFC) and
multiple other brain regions are activated during WM
functioning [8—10]. On the other hand, with ASD
subjects results have been inconsistent and appear to
depend largely on the nature of the task and profile.
Some studies have reported certain deficits of spatial
WM in ASD [11-13], while others lack evidence of
inferior WM performance in ASD subjects compared
to that in controls [14—16]. However, studies using
functional magnetic resonance imaging (fMRI) al-
most invariably encountered lower DLPFC activation
in ASD subjects than in controls, regardless of the task
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performance rate [17,18]. This behavioral-neuro-
functional discrepancy may be partially explained by
a functional connectivity point of view. Functional
connectivity techniques help us understand how brain
regions contribute to functionally connect simulta-
neous circuits during a task [19].

Functional connectivity is generally systematically
controlled. During the resting state, a network, in-
cluding the medial PFC, is activated as a default mode
network (DMN). When external cognitive demanding
stimuli are received the dorsal attention network,
including DLPFC is activated instead of DMN being
deactivated [20]. DMN deactivation was found to be
disrupted in ASD, which appears to coincide with
DLPFC hypoactivation when compared to the resting
state on fMRI [21,22].

Recently we used near-infrared spectroscopy
(NIRS) to obtain numerous noninvasive measure-
ments of regional cerebral blood oxygenation (CBO)
in vivo [23-25]. This is advantageous because the
portable nature of NIRS also enables reproduction of
natural experimental conditions when providing con-
tinuous and repetitive stimuli to subjects [26,27].

We hypothesized that if ASD subjects have defi-
ciencies in functional connectivity and appropriate
activation-deactivation responses to incoming varia-
ble stimuli, continuous neurophysiological monitor-
ing would reveal a delayed and/or defective response
to frequent switching of tasks of a different nature.
Therefore, in this study we used NIRS measurement
of CBO in PFC during switching of WM and non-WM
requiring repetitive stimulation and compared relative
oxygenation changes in response to stimuli switches
between ASD subjects and healthy controls.

2. Materials and methods
2.1. Participants

Eleven ASD subjects intelligence quotient (IQ) >
65 according to the Wechsler intelligence scale for
children-III; aged 14—46 years (mean, 29.5 years);
three males and eight females; (all right-handed) and
22 healthy controls aged 19-51 years (mean, 25.2
years); six males and 16 females; (20 right-handed;
two left-handed) were examined. All subjects were
diagnosed (Narita Naoko and Narita Masaaki) and
assessed (Tazoe Mami) by pediatric neurologists and
psychologists on the basis of developmental history

and current presentation according to the diagnostic
and statistical manual of mental disorders IV and the
Japanese version of the autism diagnostic inter-
view-revised. The study was approved by the research
and ethics committee of Bunkyo University, and
written informed consent was obtained from all sub-
jects or their legal guardians prior to the study.

2.2. Methods

The task-switching paradigm was designed using
randomized geometrical figures in combinations of
three shapes (circle, triangle and square) and four
colors (red, yellow, blue and green). The paradigm
was originally constructed using commercial presen-
tation software (PowerPoint 2003, Microsoft, USA)
and was presented to the subjects using an automated
slideshow on a personal computer (Fig. 1). For the
tasks that required WM (WM task), the subjects were
instructed to memorize figures that appeared one by
one every 3 sec on the screen (WM stimuli) and to
explore and touch the figures in consecutive order as
memorized within the next 15 seconds from a multiple
choice panel that appeared on the screen (WM ex-
ploration). For the tasks that did not require WM
(NWM task), all test figures appeared at the same time
in an inset together with multiple choices on the same
screen. The subjects were instructed to explore and
touch the figures in the correct order as they appeared
in the inset by touching the screen within 15 sec
(NWM exploration). For both tasks, the number of
figures presented was increased in order from one to
six (described as task 1, task 2, etc.), and the tasks were
programmed and performed in WM-NWM order.

NWM Task

WM Task

Fig. 1. An example illustration of the No. 3 task block of the ex-
perimental paradigm. After showing the subjects 3 geometrical
shapes on the screen for 3 sec each (working memory [WM] stim-
uli), eight shapes are, shown for 15 sec and the subjects then search
for and choose the shapes that they just memorized (WM explora-
tion time). NWM exploration is, presented for 15 sec successively.
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Fig. 2. Typical patterns of cerebral blood oxygenation changes measured by near-infrared spectroscopy in a control (46-year-old female subject)
and an autism spectrum disorder patient (46-year-old female subject with high-functioning autistic syndrome). The right (top) and left (bottom)
cerebral blood oxygenation changes in oxy-hemoglobin (blue lines) and deoxy-hemoglobin (red lines) are, indicated as relative values in units of
uM. The periods of each task are color-coded. The numbers above indicate the task block number.

To facilitate calculation of task performance rate,
we recorded the screen during the entire set of para-
digm performances and the percentage of correct
answers for each task was calculated after analyzing
the tapes. The differences between WM and NWM
tasks as well as between controls and ASD subjects
were compared.

We measured evoked CBO changes using NIRO-
200 (Hamamatsu Photonics K.K., Hamamatsu, Japan)
as in our previous NIRS activation studies [27-29].
The sensors were placed symmetrically on the fore-
head and the midpoint between the two optodes was
identical to the Fp2 position of the international elec-
troencephalography 10/20 system [30]. Our previous
MRI observations demonstrated that the emit-
ter/detector should be placed over the frontal lobe,
matching Brodmann’s areas 8/9 of PFC [23], where
near infrared light was and suspected to penetrate the
depth of the cortical surface [31]. During performance
of the switching task, concentration changes in oxy-
genated (oxy-) hemoglobin (Hb), deoxygenated (de-
oxy-) Hb, and total Hb were continuously measured
with a time resolution of 1 sec.

For data analysis, baseline corrections were per-
formed by subtracting an individual average baseline

period from the value measured during each task.
Then, the average Hb concentration in the 15-sec
exploration periods during each task (WM and NWM)
was calculated. Finally, relative value changes be-
tween corresponding WM and NWM exploration
periods were evaluated by statistical analysis.

3. Results

Among the 11 ASD subjects, nine were diagnosed
with Asperger syndrome and two with high-func-
tioning autistic disorder. The mean full scale IQ was
99.4 (range 73—118), mean verbal IQ was 107.6
(89-120), and mean performance IQ was 89.5
(54-118) among ASD subjects according to Wechsler
intelligence scale for children-II1.

While recording NIRS data for a typical control
subject, an increase in the oxy-Hb concentration was
observed during the WM exploration period together
with a decrease in the deoxy-Hb concentration (Fig. 2,
left side panels). The oxy-Hb concentration decreased
during the succeeding 15 sec of the NWM exploration
period and further decreased in the subsequent WM
presentation period. This tendency was most obvious
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Fig. 3. The near-infrared spectroscopy data of task block No.3 was extracted and averaged for the groups. The left panels (upper panel: right
prefrontal cortex, lower panel: left prefrontal cortex) represent the average oxy-hemoglobin (Hb) (blue lines), deoxy-Hb (red lines), and total Hb
(green lines) concentration changes as a function of task switch in the controls. The right panels show the same results for the autism spectrum

disorder subjects.

in task blocks 3, 4 and 5, and was observed in the right
and left PFC. In contrast, changes in the oxy-Hb
concentration according to task processing were not
obvious in ASD subjects (Fig. 2, right side panels).

To further assess this difference between controls
and ASD subjects, the data were reanalyzed with
baseline correction by extracting only task block 3 for
each subject and the average values in each group
were then plotted as shown in Fig. 3. Clear discrimi-
nation of PFC activation pattern according to the task
switch (i.e., WM stimuli-WM exploration-NWM
exploration) observed in controls was absent in ASD
subjects.

To assess the effect of task switching on hemody-
namics, we calculated the mean oxy-Hb concentration
of the 15-sec exploration period for each task (WM
and NWM). Figure 4 shows the task wise changes in
the mean oxy-Hb concentration in both the right and
left sides of PFC (task blocks 1—6 of the WM-NWM

task sets) of controls (Fig. 4, left side panel) and ASD
subjects (Fig. 4, right side panel). In controls, the
mean oxy-Hb concentration increased during WM,
decreased during NWM, and gradually increased with
an increase in task block number, suggesting that in
the control PFC, hemodynamic activity significantly
changed as memory load increased according to the
task switch. In addition, right PFC laterality was,
consistently observed in controls, which is predictable
from the nature of the task paradigm that required
spatial cognition. In contrast, ASD subjects did not
show clear changes in PFC oxygenation according to
the WM-NWM switch and obvious right PFC lateral-
ity was not observed.

Statistical analysis using the Mann-Whitney-
Wilcoxon test was performed to compare the task-
switching effect between corresponding WM-NWM
task sets in the same task block. As shown, in Fig. 4,
among the contro] subjects, the WM-NWM compar-
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Fig. 4. The mean oxy-hemoglobin (blue lines: right prefrontal cortex, red lines: left prefrontal cortex) concentrations during the exploration
period of each task and the task performance rates (green lines) are shown. Left panel: controls, Right panel: Autism spectrum disorder subjects.
The left longitudinal axis indicates the relative oxy-hemoglobin concentration (uM), and the right axis indicates the task performance rate (%).

The error bar indicates the standard error of the mean.

ison for task blocks 3 (Rt: P=0.017,Z=-2.386; Lt: P
=0.017, Z=-2.386),4 (Rt: P=0.014, Z=-2.451; Lt:
P =0.004, Z=-2906) and 5 (Rt: P = 0.003, Z =
—3.003; Lt: P =0.039, Z = —2.062) showed a signifi-
cant difference in the oxy-Hb concentration for both
the right and left PFCs. In ASD subjects, a significant
difference was only detected in task block 6 for left
PFC (P =0.021, Z=-2.312).

The mean task performance rate was calculated
among the groups. Both controls and ASD subjects
showed a gradual decrease in the task performance
rate with increasing task block number during the WM
task in contrast to that during the NWM task, which
was almost 100% for each task block (Fig. 4). ASD
subjects showed an insignificant slightly higher mean
task performance rate in task blocks 3, 5 and 6 com-
pared to controls.

4. Discussion

In this study using NIRS, we demonstrated the
tendency of an evoked CBO increase and decrease in
response to task switching in the control subjects but
not in ASD subjects. The switching paradigm used

alternating WM and NWM tasks and the WM tasks
progressively increased memory load. A significant
difference in the mean oxy-Hb concentration was
observed between WM and NWM exploration periods
in task blocks 3, 4 and 5, which suggest that these WM
tasks particularly induced a rapid regional CBO in-
crease in the prefrontal measurement areas, which was
quickly terminated with subsequent NWM task initi-
ation.

This tendency was not obvious in ASD subjects in
the early task blocks of the WM-NWM tasks. How-
ever, a weak WM task-dependent oxy-Hb increase
was observed from task block 5 and above, but a sta-
tistical difference between WM and NWM tasks was
found only in task block 6 for the left PFC.

Despite this obvious discrepancy in PFC hemody-
namics, the mean task performance rate was similar
between controls and ASD subjects. In both groups,
the average correct answer rate for the WM tasks
gradually decreased as memory load increased, while
the NWM performance rate remained almost 100%
through all tasks.

These results are consistent with those from a study
conducted by Ozonoff and Strayer [15], who used
geometric shapes, colored boxes, and three different
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WM tasks. However, their study failed to report any
significant difference in performance between the
autistic, Tourette syndrome, and control groups. The
nature of the tasks with colored shapes and the results
that showed no significant difference between ASD
subjects and controls were similar to those in our
study, indicating that depending on the methodology,
nature of the task, and characteristics of the partici-
pants, WM task performance itself is not always im-
paired in ASD patients. Nevertheless, continuous
functional analysis of hemodynamics during task
performance in our study showed a significant dif-
ference between controls and ASD subjects, espe-
cially in the pattern of response when the task nature
changed.

One possible reason for this is ectopic activation of
the brain in ASD subjects. Koshino et al. [32] sug-
gested that autistic individuals more often tend to
utilize the posterior regions of the brain to solve a WM
n-back task with alphabetical letters as stimuli, i.e.,
they rely on lower visual signal processing rather than
the left temporal region of the brain. This result sug-
gested that spatial WM task performance in ASD
subjects may be observed by ectopic neural systems or
that functional connectivity differs from that activated
in normal subjects.

In our present study, a significant difference be-
tween WM and NWM exploration components was
observed in task blocks 3, 4 and 5 for controls, which
may indicate a significant change in brain usage in
response to switching of the task. In fact, this is visible
in NIRS as a swift hemodynamic change when task
switching occurs. Of the tasks used in this study, WM
stimuli and NWM exploration components are be-
lieved to require more visual processing than the WM
exploration component, which mainly requires
DLPFC activation [8~10]. This explains the signifi-
cant change in the PFC oxy-Hb concentration on task
switching in controls. Based on the observations of
previous studies and the present study, our data could
be interpreted as further evidence of a difference in
brain signal processing between ASD subjects and
controls for tasks involving executive brain functions
including spatial WM, especially when memory loads
are moderate.

It is interesting that ASD subjects showed no ten-
dency toward task-dependent changes in the PFC
oxy-Hb concentration during the early task blocks, but
later showed a weak switching tendency (i.e., task
blocks 5 and 6; significant difference only in 6, left

side). Considering that higher executive functions
such as planning, flexible strategy, and organized
searching would be more frequently required for later
WM task blocks, the PFC oxy-Hb concentration in
ASD subjects during later task blocks may indicate a
shift in functional connectivity usage from the poste-
rior domain to the prefrontal domain. This shift may
be caused by an overload in lower visual processing.

Another possible explanation of the difference
between controls and ASD subjects is the lack of
DMN regulation in ASD subjects. Daniels et al. [33]
showed functional connectivity in patients with post-
traumatic stress disorder during WM processing. In
their study, greater connectivity was evident between
the medial PFC during the verbal WM task, where it is
normally suppressed during WM processing. Inade-
quate DMN activation (i.e., lack of deactivation due to
stimuli) in ASD subjects during cognitive tasks such
as the Stroop task has also been reported by Kennedy
and Courchesne [21] using functional connectivity
MRI Thus, the results observed in ASD subjects may
indicate an irregular activation of default mode func-
tional connectivity in PFC.

Combining these observations and those of previ-
ous studies, it is reasonable that neurofunctional de-
fects in ASD subjects may not only be due to hypo-
activation of task responsible brain regions but also
due to a complex disorder that includes DMN defects.
Considering that a certain amount of PFC activation is
required in response to task switching itself [34], lack
of deactivation of resting functional connectivity may
lead to a delay in switching and a slow response to
incoming tasks in PFC. This may activate ectopic
functional connectivity that includes lower WM signal
processing and posterior brain activity, although this
conclusion cannot be reached definitively from our
two-channel NIRS data.

When evaluating the data, it should be kept in mind
that NIRS measures changes in blood oxygenation,
including intracranial and extracranial tissues [35],
and that the measured values indicate an average
within the illuminated area. Furthermore, continuous
waves of NIRS do not yield absolute values for
changes in the Hb concentration without information
regarding the optical path length in each subject [36].
However, the changes induced by neuronal activation
are believed to indicate changes in CBO and hemo-
dynamics within the activated cortices {23,25,31].
Moreover, the optical path length was relatively ho-
mogeneous in the forehead as compared to other re-
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gions of the brain, such as the frontal-temporal junc-
tion [37]. Therefore, data analysis undertaken in the
present study, which only focused on relative in-
tra-task comparison within the continuous perfor-
mance of the task-switching paradigm, is valuable.

Although the number of functional neurophysio-
logical studies using NIRS is increasing, investiga-
tions using NIRS in ASD or other relevant neuro-
psychological disorders are still limited. We have
found only a few studies on schizophrenia patients
that describe impairment in prefrontal hemodynamics
during multiple tasks including visuospatial WM [38]
and the Tower of Hanoi, a classic WM task [39].
These studies suggested a difference between the
affected subjects and controls. However, since neither
study measured continuous hemodynamic changes
during the entire task session, it is difficult to discuss
the relevance of ectopic activation or DMN deactiva-
tion deficiency during the task. We previously re-
ported continuous measurement by NIRS during two
different tasks {27], which enabled us to understand
that drastic changes in hemodynamics could occur
depending on the nature of the task.

Since one of the characteristic clinical features of
ASD is the lack of normal and natural shifts in re-
sponse to external stimuli [40,41], the delayed or
altered switching of functional connectivity in re-
sponse to incoming stimuli observed in the present
study could lead to new insights into the higher ex-
ecutive dysfunctions of ASD. NIRS is a convenient
and non-invasive tool with fewer restrictions than
fMRI; it allows subjects to perform a number of task
sets continuously during measurement, and it has a
wide potential application in ASD research for inves-
tigating the issues underlying PFC functional con-
nectivity related to switching stimuli. Although the
present study was conducted with a limited number of
subjects, it is the first to report hemodynamic changes
in ASD subjects with continuous observation of PFC
during the repetition of tasks of a different nature.

Further investigations should be performed in order
to elucidate functional alterations in network connec-
tivity during WM performance in ASD subjects.
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Received in revised form 30 August 2013

ous studies showed that perinatal deficiency of TH or impairment of its signaling severely affect brain
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development, especially the development of the y-aminobutyric acid (GABA) system, but cellular and
molecular targets of the hormone are only partly uncovered. In the present study, we focused on the
developing rat hippocampus which was confirmed to be one of the regions highly sensitive to TH status,
and found two new targets of the hormone among the pre- and post-synaptic components of the GABAer-
gic system. One was glutamic acid decarboxylase 65 (GAD65), the protein level of which was reduced
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gfg) :g;igl}'lcp:ysstem to less than 50% of control in the hippocampus of hypothyroid rats (obtained by administering 0.025%
GAD65 methimazole in drinking water to pregnant dams from gestational day 15 until 4 weeks postpartum) and
GAD67 recovered to control levels by daily thyroxine-replacement after birth. Reduction in GAD65 protein was
Kccz2 correlated immunohistochemically with a 37% reduction in the number of GAD65-positive cells as well
as a reduction in GAD65-positive processes. In contrast, the other GAD isotype, GAD67, was not affected
by TH status. A subpopulation of GABAergic neurons containing parvalbumin was also confirmed to be
highly dependent on TH status. The second target of thyroid hormone was neuron-specific K*/Cl~ co-
transporter, KCC2, which is responsible for switching of GABA action from excitatory to inhibitory. In the
euthyroid hippocampus, a sharp rise of kcc2 expression was observed at postnatal day (PND)10 which
was followed by a large increase in KCC2 protein at PND15. This transient rise in kcc2 expression was
completely suppressed by hypothyroidism, resulting in nearly 80% reduction in KCC2 protein at PND15.
These results indicate that the development of GABAergic terminals and the excitatory to inhibitory
maturation of GABA signaling are strongly dependent on TH.
© 2013 ISDN. Published by Elsevier Ltd. All rights reserved.
1. Introduction 1995; Oppenheimer and Schwartz, 1997; Koibuchi and Chin, 2000;
Thompson and Potter, 2000; Williams, 2008).

Thyroid hormone (TH) is essential for proper brain develop- As TH exerts its effects mainly through binding to the specific
ment. Its insufficiency during the perinatal period results in a nuclear receptors of the steroid-retinoic acid-TH receptor super-
syndrome known as cretinisim in humans which consists of men- family which function as ligand-regulated transcription factors, one
tal retardation, ataxia, and deafness together with impairment of of the essential steps in understanding its mechanism of action is to
body growth. At the cellular level, relatively later processes of cen- identify genes regulated by TH. Many previous studies have focused

tral nervous system (CNS) development such as neurogenesis, cell on the rodent cerebellum as a model system since it develops post-
migration, axonal and dendritic proliferation, synaptogenesis, and natally during the critical time window of TH action and is severely
myelination are affected by hypothyroidism (Bernal and Nunez, affected by hypothyroidism. Microarray-based global gene expres-
sion analyses of the developing cerebellum from animals with
altered TH status (Quignodon et al., 2007; Takahashi et al,, 2008)
or of cultured cerebellar neurons after addition of the transcrip-
tionally active TH, 3,5,5'-triiodothyronine (T3) (Quignodon et al,,

* Corresponding author. Tel.: +81 42 759 6235; fax: +81 42759 6235. 2007; Chatonnet et al,, 2012) resulted in the identification of sev-
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trashiro@aoyamagakuin.jp (T. Tashiro). assays have been carried out to directly identify TH target genes
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(Quignodon et al., 2007; Dong et al., 2009), but the total number of
genes confirmed to be directly regulated by TH is still limited.

Hypothyroidism has a strong negative effect on the develop-
ment of the y-aminobutyric acid (GABA) system in vivo and in vitro
(reviewed in Wiens and Trudeau, 2006), leading to impairments
in GABAergic circuit formation and inhibitory neurotransmission
in the cerebral cortex and the hippocampus (Gilbert et al., 2007;
Friauf et al., 2008a) as well as the differentiation and development
of GABAergic neurons (Manzano et al., 2007; Westerholz et al.,
2010). Reduced TH signaling in TH receptor a1 (TRa1) knockout
mice (Guadafio-Ferraz et al., 2003) or mice expressing mutant TRa1
with 10-fold lower affinity for TH (Venero et al., 2005; Wallis et al.,
2008) results in significant reductions in GABAergic terminals in
the hippocampus correlated with behavioral abnormalities. How-
ever, molecular targets of the hormone in the GABAergic system
are only partly uncovered.

Since previous studies have been carried out under different
experimental conditions and have focused on different regions of
the brain, we first examined the differential sensitivity of the devel-
oping rat brain regions (cerebral cortex, hippocampus, striatum,
midbrain, and cerebellum) toward TH status in the present study
by measuring the mRNA expressions of the known TH-dependent
genes. For this purpose, three genes were selected (neurogranin,
hairless, myelin basic protein) which are widely expressed in
the brain and well established as direct targets of T3 in vivo. In
the hippocampus which was confirmed to be one of the highly
sensitive regions to TH under the present experimental proto-
col, TH-dependent alterations in the amount of both pre- and
post-synaptic components of the GABAergic system were further
investigated.

GABA is the main inhibitory neurotransmitter in the mature
CNS, but it mainly acts as an excitatory neurotransmitter during
early stages of development (Ben-Ari, 2002; Payne et al,, 2003;
Ben-Ari et al, 2007; Farrant and Kaila, 2007). In addition to the
differentiation of GABAergic neurons and establishment of the
GABAergic synapses, this switching in the action of GABA is another
key event in the development of the GABAergic system. It takes
place around the 2nd postnatal week in rats through reduction
of intracellular CI~ concentration (Rivera et al., 1999). Since this
period overlaps with the critical time window of TH-dependent
growth in the CNS (Oppenheimer and Schwartz, 1997; Thompson
and Potter, 2000), we further examined the TH-dependence of
the expression of the neuron-specific K*/Cl~ co-transporter (KCC2)
whichisresponsible for excluding intracellular CI~ and establishing
low intracellular CI~ concentration (Rivera et al., 1999; Payne et al,,
2003: Fiumelli and Woodin, 2007). The results indicate that TH is
essential both for the differentiation of the presynaptic GABAergic
neurons and the maturation of the postsynaptic components of the
GABAergic system in the developing hippocampus.

2. Materials and methods
2.1. Animal treatment

Pregnant Wistar/ST rats were purchased from SLC (Shizuoka, Japan). They
were housed individually under controlled temperature (24 +1°C) on a 12-h-light
(06:00-18:00 h): 12-h-dark (18:00~06:00 h) cycle. Food and water were available
ad libitum. Three pregnant dams were used to obtain pups in each of the follow-
ing three treatment groups; control, hypothyroid, hypothyroid with thyroxine (T4)
replacement. Hypothyroid and T4-replacement groups were rendered hypothyroid
by administering 0.025% (w/v) 2-mercapto-1-methylimidazole (MMI) in drinking
water to their mothers from the 15th day of conception. From the day of birth, pups
from the T4-replacement group received daily subcutaneous injection of T4 (20 ng/g
body weight/day) dissolved in saline while control and hypothyroid pups received
saline until sacrifice 6 h after the last injection. For one series of experiments, five
pups each of control, hypothyroid and T4-replacement groups were used at postna-
tal day (PND) 4, 10, 15 and 28. They were sacrificed under deep ether anesthesia and
blood samples were drawn from the heart and collected with 5mM EDTA as anti-
coagulant. After perfusion with phosphate-buffered saline (PBS), the brains were

removed and separated sagitally into halves. In total, four series of animals were
used to obtain tissue samples for mRNA and protein extractions and immunohisto-
chemical observation. Five brain regions (cerebral cortex, hippocampus, striatum,
midbrain and cerebellum) were excised for mRNA extractions and hippocampi were
excised for protein extractions, immediately frozen in liquid Ny, and kept at ~80°C
until use. For immunohistochemistry, brain halves were immediately fixed in 4%
paraformaldehyde (PFA).

All animal treatments have been approved by the Animal Experimentation
Committee of Aoyama-Gakuin University and were carried out under veterinary
supervision and in accordance with the ‘Guidelines for the Use of Animals in Neu-
roscience Research’.

2.2. Measurement of plasma T4 levels

Blood samples were centrifuged at 1500 x g for 20 min at room temperature
to obtain the plasma as the supernatant. T4 in the plasma from control (n=5-12),
hypothyroid (n=5-~12) and T4-replacement groups (n=5-11) were measured by
competitive enzyme- linked immunosorbent assay (ELISA) kit (Diagnostic Automa-
tion Inc.) according to the protocols recommended by the manufacturer.

2.3. Real-time quantitative fluorescence-based PCR

Total RNA was prepared individually from five brain regions obtained from
five pups of each treatment group at PND4, 10, 15 and 28, using Trizol reagent
(Invitrogen Life Technologies, Carlsbad, CA). First-strand cDNA was synthesized
from 2 g total RNA from one animal using SuperScript Il reverse transcription
kit (Invitrogen Life Technologies). Expression levels of the following 12 genes in
cDNA samples were quantified by fluorescence-based real-time PCR using Smart
Cycler System (Cepheid, Sunnyvale, CA, USA) with SYBR Premix ExTaq (Takara, Shiga,
Japan): cyclophilin-A (ppia), neurogranin (rc3), hairless (hr), reelin (reln), myelin
basic protein (mbp), glutamic acid decarboxylase 65 (gad65), GABA(A) receptor sub-
unit a1 (gabral), GABA(A) receptor subunit 32 (gabrb2), GABA(A) receptor subunit
2 (gabrg2), gephyrin (gphn), collybistin (arhgef9), K*/Cl- cotransporter (kcc2). Data
were analyzed by 2-24¢t method using cyclophilin-A (ppia) as an internal standard
gene, as its expression level was not affected by thyroid status (Muficz et al.,, 1991) or
during postnatal development (Takahashi et al., 2005). PCR primers were designed
in Oligo 6.0 primer analysis software (Molecular Biologylnsights). Sequences of the
PCR primers are listed in Table 1.

2.4. Western blotting

Each hippocampal sample obtained from each group at PND4, 10, 15 and 28
(n=5 for either group at each time point) was homogenized in 10 volumes of Cel-
Lytic MT (Sigma, St. Louis, MO, USA) containing protease inhibitor cocktail (Sigma),
centrifuged at 12,000 x g for 11 min at 4°C and supernatant was collected. Con-
centrations of extracted proteins in the supernatant were determined by Protein
Quantification Kit ~ Wide Range (Dojindo Molecular Technologies, Kumamoto,
Japan) before proceeding with Western blotting. Each protein extract was combined
with 4x sample buffer (0.25 M Tris-HCl, 40% glycerol, 8% SDS, 0.04% bromophenol
blue, 8% 3-mercaptoethanol) and boiled for 5 min. Samples were separated by SDS-
PAGE on Tris-HCl gels followed by electrophoretic transfer onto polyvinyl difluoride
(PVDF) membranes (Millipore, Bedford, MA). The blots were blocked for 1 h at RT
with 2% BSA or 2.5% skimmed milk in PBS containing 0.1% Tween 20 (PBS-T) and
0.02% sodium azide, and incubated overnight at 4 °C with one of the following pri-
mary antibodies in 2% BSA and 0.02% sodium azide-containing PBS; monoclonal
anti-glutamic acid decarboxylase 65 (GAD65; 1:500; Santa Cruz Biotechnology,
Santa Cruz, CA), monoclonal anti-GAD67 (1:10,000; Abcam, Cambridge, United
Kingdom), rabbit polyclonal anti-K*/Cl~ cotransporter (KCC2; 1:5000; Millipore)
and monoclonal anti-B-actin (1:10,000; Sigma, St. Louis, MO). After being rinsed in
PBS-T, the blots were incubated for 1 h at RT with either of the following horseradish
peroxidase (HRP)-conjugated secondary antibodies in 2% BSA with 0.02% sodium
azide; anti-rabbit IgG (1:5000) and anti-mouse IgG (1:10,000) (both from Jackson
Immunoresearch, West Grove, PA). The blots were rinsed several times in PBS-T and
visualized by exposure to Hyperfilm ECL (GE Healthcare, Buckinghamshire, United
Kingdom) using an Immobilon Western Chemiluminescent HRP Substrate (Milli-
pore). For quantification, the films were scanned, and the density of each band was
measured in Image ] (National Institutes of Health), and the results normalized using
{-actin as standard.

2.5. Immunohistochemistry

For immunohistochemical analysis, brain samples were fixed in 4% PFA for 48 h
at 4°C, dehydrated, embedded in paraffin, and cut into 8-pm-thick coronal sec-
tions. Three consecutive sections per animal taken from identical locations in the
frontal part of lateral hippocampus were used for immunohistochemical staining
with three different antibodies; the first section with anti-GAD65 antibody, the sec-
ond section with anti-GAD67 antibody, and the third section with anti-parvalbumin
(PV) antibody. After deparaffinization and rehydration, the sections were incubated
in 0.5% hydrogen peroxide (H, 0, ) for 20 min at RT to quench endogenous peroxidase
activity, and boiled with 0.01 M citrate buffer for 20 min or incubated in 0.3% Triton
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Table 1
Primers for real-time quantitative PCR.
Forward Reverse

ppia GCAAGACCAGCAAGAAGATCACC CTTCAGTGAGAGCAGAGATTACAG
rc3 GACTTCCCTACTGTGTTTGTGAG CTACGCCACGACGAAGCCAGC
hr GCTGACCCCTCCCCTCATGG GCAGTTGAGATACACAGAGGAAG
mbp GGCACAGAGACACGGGCATCC GCGACTTCTGGGGCAGGGAGC
gabral GGGTAAGGTGAGGCTGTCATTGT TCTGTGTTAGGCTGGCTCATCTC
gabrb2 CGATGACCACAATCAATACCCATCT GCCATAAAGACAAAGACAAAGCACC
gabrg2 GAGTGTTTGGATGGCAAGGACTG AAGCAGAAGGCGGTAGGGAAGAA
gphn TGGAACTTCACAAAGGCGAG AAAACTAGCTGTGCCGTTGC
arhgef9 GAAGGACAGCCGCTATCAAC ATCACTGTGGTCTTGGGCAG
kee2 CCATCCAGGTGACTTTACTCTGA CCTCTCCTATTTACAAGGGTTTTG

X-100 for 15 min at RT to retrieve the antigen. They were rinsed in PBS and incu-
bated in 4% BSA for 30 min at RT to block nonspecific binding sites. Rabbit polyclonal
anti-GADG65 antibody (1:500; Sigma), monoclonal anti-GAD67 antibody (1:2000;
Abcam) or monoclonal anti-PV antibody (1:4000; Sigma) was then applied to each
section, and the sections were incubated overnight at 4°C. They were further rinsed
in PBS and incubated for 1h at RT with either of the following biotinylated sec-
ondary antibodies in BSA/PBS; anti-mouse IgG (1:1000) and anti-rabbit IgG (1:1000)
(both from Chemicon/Millipore). The sections were incubated in biotin-conjugated
horseradish peroxidase with streptavidin (ABC Elite Kit; Vector, Burlingame, CA)
at a dilution of 1:1000 for 30 min at RT and then visualized with nickel-intensified
diaminobenzidine. The sections were dehydrated and mounted in Entellan New
(Merck, Darmstadt, Germany), and observed with a microscope (Axioplan 2; Carl
Zeiss, Oberkochen, Germany). The images were recorded with a color CCD camera
(ProgRes; Genoptik, Jena, Germany).

2.6. Statistical analysis

All numerical data were expressed as mean +SEM and analyzed by one-way
analysis of variance (ANOVA), When ANOVA revealed significant differences, it was
followed by two-tailed Student’s t-test. Level of significance was set at p <0.05.

3. Results

3.1. Confirmation of the effect of maternal MMI-treatment and
postnatal T4-replacement on the plasma thyroxine level of
neonatal rats

Among the three experimental groups of control, hypothyroid
(MMI-treated), and hypothyroid with T4-replacement, there was

A

80 o~

Body weight (g)
8

no significant difference in dam'’s body weights, litter size, sex
ratio of the offspring or survival of pups to weaning. Hypothyroid
pups had body weights comparable to control pups at postnatal
day 4 (PND4), but started to show reductions in body weight gain
around PND7 (Fig. 1A). They also showed retardations in develop-
ment such as a delay in eye opening and hair growth. Pups in the
T4-replacement group showed a significant recovery of the growth
curve compared with the hypothyroid group.

To confirm the hypothyroid state of the MMI-treated group and
its rescue by T4-replacement, plasma T4 level was determined in
animals from the three groups at PND 4, 10, 15 and 28. As shown in
Fig. 1B, plasma T4 level of control pups showed a 2.7-fold increase
between PND4 and 10, was maintained at this high level until
PND15, and started to decline at PND28. Hypothyroid pups had
a severe reduction in plasma T4 level at all time points whereas the
pups in T4-replacement group had normal or higher plasma level
of T4 measured 6 h after T4 injection. In particular, T4-replacement
resulted in the plasma T4 level significantly higher than that of the
control at PND4 when normal T4 level was still low.

3.2. Differences in sensitivities toward TH status among the
developing brain regions

Since previous studies have been carried under different exper-
imental conditions to induce hypothyroidism (such as timing

—(— Control
~-4~~ Hypothyroid
~fperw Hypothyroid + T4

9 4
4 10 15 28
Postnatal day
B
Plasma levels of thyroxine {ng/mi}
PND4 PND10 PND15 PND28
Controt 4513217 121.2+7.0 127.2+£10.2 95.6£9.7
Hypothyroid 29.0%23% 14.84+23% 12.7+1.0% 21.9+£35%
Hypothyroid + 74 799254 131.8+9.7%  1002£105% 1172 241 %

Fig. 1. Body weights and plasma thyroxine (T4) levels of pups during development. (A) Body weights of control (open circles), hypothyroid (solid squares) and T4-replacement
groups (solid triangles) of pups at PND4, 10, 15 and 28. Results are expressed as means + SEM. n = 5-25 (control group), n=6-30 (hypothyroid group), n = 10-31 (T4-replacement
group). (B) Plasma levels of T4 in the three experimental groups at PND4, 10, 15 and 28. Results are expressed as means = SEM. n=5-12 (control group, hypothyroid group,
T4-replacement group). *P<0.05 between control and hypothyroid groups. #P<0.05 between hypothyroid and T4-replacement groups.
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of anti-thyroid drug treatment) and focused on different brain
regions, we attempted to evaluate the differences in sensitivities
toward TH status among the developing rat brain regions under
the present experimental protocol by examining mRNA expres-
sion of the three known TH-responsive genes, neurogranin (rc3),
myelin basic protein(mbp), and hairless (hr) by real-time PCRin five
brain regions (cerebral cortex, hippocampus, striatum, midbrain

their gene structures have been well characterized and shown to
possess TH-responsive elements (TREs) which are functional in vivo
(Farsettietal., 1991; Martinez de Arrieta et al., 1999; Thompson and
Bottcher, 1997).

Expression of each gene in different regions at different time
points was compared pairwise between hypothyroid and con-
trol groups as well as between hypothyroid and T4-replacement

groups. When the expression of a gene was significantly down-
regulated in the hypothyroid group compared with the control

and cerebellum) in the three groups of animals (Fig. 2). We chose
these genes because they are widely expressed in the brain and
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Fig. 2. Comparison of expression profiles of TH-responsive genes in the five brain regions of control, hypothyroid and T4-replacement groups during development. The
mRNA expression of rc3, hr and mbp in the five brain regions (A: cerebral cortex, B: hippocampus, C: striatum, D: midbrain, E: cerebellum) of pups in the control (open
circles), hypothyroid (solid squares) and T4-replacement groups (solid triangles) was quantified by real-time PCR at PND4, 10, 15 and 28 using ppia as internal standard.
Each mRNA level is expressed relative to that of the control group at PND4 (means+SEM of 5 rats/group/age). *P<0.05 between control and hypothyroid groups. #P<0.05
between hypothyroid and T4-replacement groups.
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Fig. 3. GAD67 and GADG65 protein levels in the hippocampus of control, hypothyroid and T4-replacement groups during development. GAD67 (A) and GAD65 (B) protein
levels were quantified by Western blotting with anti-GAD67 and anti-GAD65 antibodies, respectively. Immunoreactive bands of GAD67 and GAD65 (examples shown in
upper panels) in the hippocampus of control (open bars), hypothyroid (solid bars) and T4-replacement groups (shaded bars) at different ages were quantified using B-actin as
standard and expressed relative to that of the control group at PND4 (means + SEM of 5 rats/group/age). *P<0.05 between control and hypothyroid groups. # P<0.05 between

hypothyroid and T4-replacement groups.

(marked with asterisks in Fig. 2) and significantly up-regulated in
the T4-replacement group compared with the hypothyroid group
(marked with # in Fig. 2) at the same time, it was judged as TH-
responsive expression. In the cerebral cortex (Fig. 2A), only mbp at
PND10, 15, and 28 showed TH-responsive expression. In contrast,
TH-responsive expression was observed with rc3 and mbp at three
time points as well as hr at PND15 in the hippocampus (Fig. 2B).
In the striatum (Fig. 2C) and the cerebellum (Fig. 2E), only rc3 at
one (PND10) or two (PND10, 15) time points was TH-responsive,
while hr at PND28 and mbp at three time points were responsive
in the midbrain (Fig. 2D). The results thus showed that the hip-
pocampus had TH-sensitivity comparable to or higher than that of
the well-studied TH-sensitive regions such as the cerebellum under
our experimental protocol.

3.3. Effect of TH status on the development of GABAergic neurons
in the hippocampus

To examine the role of TH in the development and maturation
of the GABAergic system in the hippocampus, protein expressions
of the GABA-synthesizing enzymes, GAD67 and GAD65, were first
compared in the three experimental groups.

The two GAD isotypes showed sharp differences in protein
expression both developmentally and in response to altered TH
status (Fig. 3). In the control hippocampus, the amount of GAD67
increased more than 10-fold in a biphasic manner between PND4
and 28 (Fig. 3A) whereas that of GAD65 did not change significantly
during the same time (Fig. 3B). On the other hand, the amount
of GAD65 responded to TH status with significant reductions in
the hypothyroid compared with the control at PND4, 15, and 28.
At PND28, GAD65 protein in hypothyroid pups was decreased to
29% of that in control pups, which was recovered significantly by
continuous T4-replacement (Fig. 3B). In contrast, differences in the
amount of GAD67 were not observed among the three experimen-
tal groups between PND4 and 28 (Fig. 3A).

To determine whether the decrease of GAD65 protein in the
hypothyroid hippocampus was caused by a decrease in the num-
ber of GABAergic neurons or not, GAD67- and GADG65-positive
cells in matching sections from 6 animals per experimental
group were numerically evaluated by immunohistochemistry at
PND28 (Figs. 4 and 5). In the control hippocampus, GAD67-
or GAD65-positive cells were distributed throughout the hip-
pocampus proper and the dentate gyrus (DG), both in the

principal cell layer and other layers. The number of positive
cells was largest in the CA1 subregion, followed by compara-
ble numbers in CA3 and DG subregions. There were consistently
more somata positive for GAD67 than for GAD65 as described
previously (Fukuda et al, 1997). In addition to staining of
GABAergic cell bodies, perisomatic staining of pyramidal cells
was observed with both GAD antibodies in CA1-CA3. Staining
of dendritic layers (stratum radiatum and stratum oriens) was
stronger with GAD65 antibody compared with GAD67, confirm-
ing the preferential synaptic localization of GAD65 (Esclapez et al,,
1994; Fukuda et al, 1998). Strong staining only with GAD67-
antibody was observed along mossy fiber pathways (stratum
lucidum of CA3 and hilus of the DG) as described previously
(Sloviter et al, 1996; Fukuda et al, 1997; Gutiérrez et al,
2003).

There were no significant differences in the GAD67 staining or in
the number of GAD67-positive cells among the three experimental
groups (Fig. 4). In contrast, there was a 37% reduction in the number
of GAD65-positive cells in the hypothyroid hippocampus compared
to the control, which was completely recovered by T4-replacement
(Fig. 5B). At the same time, GAD65 immunostaining in the principal
cell layer was also reduced by hypothyroidism and recovered by
T4-replacement (Fig. 5B).

A subpopulation of GABAergic neurons containing parvalbumin
(PV) was also affected by perinatal hypothyroidism (Fig. 6), as pre-
viously shown in the neacortex and the hippocampus (Gilbert et al.,
2007). PV-positive cells were located mainly in the pyramidal cell
layer of CA1-3 and the hilar edge of the granule cell layer in DG.
Their number was significantly decreased in all four subregions
of the hippocampus in the hypothyroid group, resulting in a 33%
reduction in total compared with the control (Fig. 6B). The number
of PV-positive cells was completely recovered by T4-replacement.
In addition to staining of the GABAergic cell bodies, prominent
perisomatic staining of principal cells as well as clear staining of
processes both in the principal cell layer and extending in the den-
dritic layers (stratum radiatum and stratum oriens) were observed
with PV-antibody (Fig. 6A). Such non-somatic staining was also
reduced by hypothyroidism and recovered by T4-replacement.

3.4. Effect of the TH status on the postsynaptic components of the
GABAergic system

Paralleling the decrease in the number of pre-synaptic GABAer-
gic neurons and their processes due to hypothyroidism, alterations
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Fig.4. Immunostaining with anti-GAD67 antibody in the hippocampus of control, hypothyroid and T4-replacement groups at PND28. Hippocampal sections (8 pm thick) from
control, hypothyroid and T4-replacement groups at PND28 were stained with anti-GAD67 antibody. (A) Representataive photomicrographs of the hippocampal subregions
(CA1, CA3 and DG) of control, hypothyroid and T4-replacement groups at PND28. (B) The number of GAD67-positive cells in the whole hippocampus and the hippocampal
subregions (CA1, CA2, CA3 and DG) of control (open bar), hypothyroid (solid bar) and T4-replacement groups (shaded bar) were counted in each section obtained at PND28
and expressed as means + SEM. n=5-6 (control, hypothyroid, T4-replacement groups). o: stratum oriens, py: stratum pyramidale, r: stratum radiatum, luc: stratum lucidum,
m: stratum moleculare, g: stratum granulare, h: hilus. No significant difference in GAD67-positive cell number was observed between control and hypothyroid or hypothyroid

and T4-replacement groups in any subregion.

were also observed in the postsynaptic components of the
GABAergic system. Some of the GABA(A) receptor subunits (a1,
v2) showed up-regulation in the hypothyroid group and were
normalized by T4-replacement at PND28 (Fig. 7A-C). Similar
TH-responsive mRNA expression was observed with gephyrin, a
scaffold protein localized to inhibitory synapses (Fig. 7D), but not
in the guanine nucleotide exchange factor for CDC42, collybistin
(arhgef9; Fig. 7E).

Another postsynaptic component strongly affected by TH status
was the neuronal K*/Cl~ co-transporter, KCC2, which is essential for

the excitatory to inhibitory switching of the GABAergic neurotrans-
mission (Fig. 8). In the control group, there was a strong transient
up-regulation of kcc2 at PND10, which was absent in the hypothy-
roid and the T4-replacement groups (¥ig. 8A). Accordingly, KCC2
protein was reduced to 26% and 22% of control in the hypothyroid
group at PND10 and PND15, respectively. Between PND15 and 28,
however, there was a robust increase in KCC2 protein in the hip-
pocampus of all 3 experimental groups including the hypothyroid
group, so that it was comparable among these groups at PND28
(Fig. 8B).
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