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Fig. 2. Correlations of arterial elasticity with carotid IMT (A) and PWV (B) in obese subjects.

Table 3 Table 5
Associations between each atherosclerosis value and fat distribution. Multivariate adjustment for parameters related to visceral fat area.
Variables r Variables Regression coefficient D
Elasticity IMT: PWV Elasticity 0.34 0.0041

Visceral fat area 042" 025 031 ;,“",[\}fv 3‘334 g'gzn
Subcutaneous fat area —0.066 =011 0.046 - ;i

. R2=0.23.

p<0.05.
“ p<0.01

subjects. As shown in Table 2, arterial elasticity correlated with
age (r=0.46, p<0.01), gender (r=0.27, p<0.05), BP, both systolic
(r=0.38, p<0.01) and diastolic (r=0.28, p<0.05), and hyperten-
sion (r=0.37, p<0.01). Carotid IMT and PWV also showed similar
associations with age, systolic BP and hypertension.

To evaluate whether fat distribution affects atherosclerosis
in obese subjects, we performed a single regression analysis of
atherosclerosis values with subcutaneous or visceral fat accumu-
lation, as determined by CT scanning. Interestingly, visceral fat area
correlated significantly with arterial elasticity as well as carotid
IMT and PWV (Table 3), whereas subcutaneous fat area showed
no apparent association with these three atherosclerosis values
in the present study. Then, we performed multiple linear regres-
sion analysis with parameters related to atherosclerosis values, i.e.
age, hypertension and visceral fat area (Tables 2 and 3), to search
for independent variables affecting atherosclerosis values in obese
subjects. As shown in Table 4, each atherosclerosis value is associ-
ated with age, indicating that age is also a strong atherosclerosis
determinant in obese subjects. Intriguingly, the analysis revealed
that visceral fat area is an independent variable showing a posi-
tive correlation with carotid arterial elasticity, but not carotid IMT
or PWV. We next analyzed the results in a different way, to deter-
mine which of the atherosclerosis values is most strongly associated
with visceral adiposity. Visceral fat area was significantly associ-
ated with both arterial elasticity and PWV, though the correlation
with arterial elasticity was stronger (Table 5). These results suggest

Table 4
Multivariate adjustment for parameters related to atherosclerosis values.

Variables Regression coefficient
Elasticity® IMTP PWVE

Age 0.30° 034" 0,527
Visceral fatarea 028" 0.075 0.06
Hypertension 0.13 0.019 032

3 R2=032,

b RZ=0,25.

¢ R%=0.47.

' p<0.05

" p<0.01.

that arterial elasticity is an excellent parameter of atherosclerosis
as compared with currently established atherosclerosis values and
might reflect the cardiovascular risk of visceral adiposity.

3. Discussion

We measured two established atherosclerosis values, carotid
IMT and PWV, in addition to “arterial elasticity”, which was mea-
sured by a novel method, in this study. Similar to our previous
results in subjects with type 2 diabetes [21], the arterial elastic-
ity value was significantly associated with those of carotid IMT and
PWV, These results raise the possibility of evaluating atherosclero-
sis in obese subjects with this novel method of measuring elasticity.
The important finding of the present study is that arterial elasticity
is a better measurement than either carotid IMT or PWV for eval-
uating the effect of visceral fat accumulation on atherosclerosis in
obese subjects; the multiple linear regression analysis revealed that
only carotid arterial elasticity, not carotid IMT or PWV, showed a
positive correlation with visceral fat area.

In addition, our present results clearly shows that visceral adi-
posity rather than subcutaneous adiposity is an important factor
affecting atherosclerosis in Japanese obese subjects with-BMI over
30, since all three parameters for évaluating atherosclerosis; arte-
rial elasticity, carotid IMT and PWV, were significantly associated
with visceral fat area but not with subcutaneous fat area: Abdom-
inal fat accumulation, especially visceral adiposity, is well known
to play a crucial role in the development of metabolic syndrome
[26], leading to atherosclerosis and ultimately cardiovascular dis-
ease [6]. Indeed, visceral adiposity determined by CT scanning was
related to the incidence of coronary artery disease [8]. Further-
more, recent reports have shown several surrogate markers for
atherosclerosis, such as carotid IMT [9-13] and arterial stiffness
[15], to be associated with intra-abdominal fat accumulation in
subjects withoutadvanced atherosclerosis. Since obesity is increas-
ing explosively world-wide, a practical and non-invasive method is
urgently needed for early detection of atherosclerosis before serious
cardiovascular events occur.

Herein, we have shown that our novel method of measur-
ing arterial elasticity has potential for detecting early stage
atherosclerosis in obese subjects. This ultrasonic method accurately
tracks arterial wall movements based on both the phase and the
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magnitude of demodulated signals, allowing instantaneous deter-
mination of the position of an object. With this method, itis possible
to accurately detect small-amplitude velocity signals, less than a
few micrometers, which are superimposed on arterial motion due
to the heartbeat. Thus, the values obtained with this method reflect
an important characteristic of vessel walls, i.e. arterial elasticity. We
previously reported arterial elasticity to be a promising method of
evaluating early stage atherosclerosis in subjects with type 2 dia-
betes[21]. Taken together with the present results in obese subjects,
these finding indicate that measurement of arterial elasticity might
be broadly applicable to evaluation of subjects with atherosclerosis-
prone metabolic disorders.

This novel method also has potential for evaluating the elas-
ticity distribution in vessel walls with high spatial resolution; the
elasticity distribution is demonstrated as a histogram as shown
in Fig. 1D. Properties of the histogram, such as deviation and the
shape of the distribution, which were not used in this study, would
provide additional information regarding qualitative changes in
atherosclerosis. This possibility should be pursued in future inves-
tigations.

Several studies have examined which obesity-related values,
including body weight, BMI, waist-hip ratio and abdominal fat
accumulation, are closely associated with atherosclerosis values
such as carotid IMT [27,28] and PWV [29]. However, comparisons
among these atherosclerosis values were not conducted, i.e., which
ofthe atherosclerosis values, IMT, PWV or elasticity, is most strongly
associated with obesity-related values remains to be determined.
This is the first report demonstrating arterial elasticity to have a
stronger association with visceral fat area in obese subjects than
the two most widely used atherosclerosis values, IMT and PWV.

The present study has several limitations. The study design
was cross-sectional. Determination of whether arterial elastic-
ity predicts cardiovascular events in the future thus awaits a
prospective study. Another issue warranting further investigation
is whether reducing visceral adiposity would improve arterial elas-
ticity. Another important issue is that only approximately 30% of
our study subjects were male. The difference in fat distribution
by gender is well known, i.e. visceral adiposity is more frequently
observed in males [30] and subcutaneousadiposity in females [25].
However, despite the female dominance in our subject group, the
effect of visceral adiposity on arterial elasticity was confirmed by
multiple regression analysis, implying a crucial role of visceral fat
in atherosclerosis:

In conclusion, the present results indicate that arterial elastic-
ity is a novel, sensitive parameter for evaluating atherosclerosis in
obese subjects, potentially more useful than currently established
atherosclerosis: values. Measuring arterial- elasticity hold: promise
of detecting minute vascular changes in early stage atherosclerosis,
and may have broad clinical applications for evaluating atheroscle-
rosis in subjects with metabolic disorders.
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ABSTRACT

Major components of energy homeostasis, including feeding behavior and glucose and lipid
metabolism, are subject to circadian rhythms. Recent studies have suggested that dysfunctions
of molecular clock genes are involved in the development of obesity and diabetes. To examine
whether metabolic states per se alter the circadian clock in the central nervous system (CNS),
we analyzed the daily mRNA expression profiles of core clock genes in the caudal brainstem
nucleus of the solitary tract (NTS). In lean C57BL/6 mice, transcript levels of the core clock genes
{Npas2, Bmall, Perl, Per2 and Rev-erba) clearly showed 24-h rhythmicity. On the other hand, the
expression profiles of Bmall and Rev-erba were attenuated in mice with high fat diet-induced
obesity as well as genetically obese KK-AY and ob/ob mice. Clock expression levels were
increased in mice with high fat diet-induced obesity and Cry1 expression levels were decreased
in KK-AY and ob/ob mice. In addition, peroxisome proliferator-activated receptor o (PPAR«),
which reportedly increases the BMAL1 transcriptional level, was up-regulated in the NTS of
these murine models of obesity and insulin resistance, suggesting involvement of PPARx in the
attenuation of circadian rhythms in the NTS in obese states. Furthermore, a circadian
expression profile of a downstream target of clock genes, the large conductance Ca®*-activated
K*channel, was disturbed in the NTS of these murine obesity models. These perturbations
might contribute to neuronal dysfunction in obese states. This is the first report showing that
obesity perturbs the circadian expressions of core clock genes in the CNS.

© 2009 Published by Elsevier B.V.

1. Introduction

adverse consequences for human health (Flier, 2004). Since
body weight and adiposity are maintained within a narrow

The worldwide prevalence of obesity and type 2 diabetes
mellitus (T2DM) is increasing at an alarming rate, with major
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range under steady state environmental conditions, the
concept that a homeostatic center for energy metabolism



BRAIN RESEARCH 1263 (20089) 58-638 59

exists has been widely accepted and there is a growing
consensus that this regulatory center is located mainly in
the central nervous system (CNS), especially in the hypotha-
lamus (Sandoval et al, 2008). Humoral factors, including
insulin and adipokines, and afferent nerve signals (Uno et
al., 2006); (Yamada et al., 2006) are known to be very important
for conveying information regarding peripheral energy status
to the CNS (Katagiri et al., 2007); (Yamada et al., 2008). We have
proposed that the brain integrates and processes the periph-
eral metabolic information to send signals that control
systemic metabolism (Katagiri et al., 2007).

Major components of energy homeostasis, such as feeding
behavior and glucose and lipid metabolism, are subject to
circadian rhythms. These rhythms are regulated by a circa-
dian clock system composed of transcriptional/translational
feedback loops that are now recognized to cycle in the
suprachiasmatic nucleus (SCN) of the hypothalamus as well
as in most peripheral tissues (Ramsey et al.,, 2007). In brief,
each cell contains a set of core clock genes - Clock, Bmall, Cry 1-
2, Per 1-3 and nuclear receptors (Rev-erbo, ROR). The CLOCK/
BMAL1 heterodimer regulates the production of proteins such
as PER and CRY, which in turn regulate the production of
BMAL1 (Schibler and Sassone-Corsi, 2002). Through these
feedback loops, core clock gene expressions generate an
endogenous rhythm of numerous protein expressions, leading
to rhythmic functioning of cells and tissues that oscillates
over an approximately 24-hour period (Dunlap, 2006). The
molecular clock has been demonstrated to modulate energy
metabolism by controlling the expression and activity of
numerous enzymes, transport systems and nuclear receptors
involved in lipid and carbohydrate metabolism (Ramsey et al.,
2007); (Staels, 2006); (Yang et al., 2006).

Recent studies have suggested that, in murine models,
malfunctioning of molecular clock genes, such as Bmall (Rudic
et al;, 2004) and Clock (Turek ‘et al., 2005), is involved in
development of the metabolic syndrome. In addition, in
humans, prevalences of obesity, T2DM and features of the
metabolic syndrome are reportedly increased in nightshift
workers and men with short sleep durations (Prasai et al,,
2008). Thus, the importance of the molecular clock for many
metabolic processes has been extensively documented. On the
other hand, to our knowledge, there have been no studies
showing that obesity itself attenuates rhythmic expressions of
clock genes in the CNS. Rather, a high fat diet does not affect
rhythmic expression profiles of core clock genes, such as
Bmall and Per2, in the mediobasal hypothalamus, whereas it
does attenuate circadian expression of these core clock genes
in the liver and adipose tissue (Kohsaka et al., 2007). In
genetically obese and diabetic mice as well; circadian expres-
sion of neither Perl nor Per2 is altered in the suprachiasmatic
nucleus (SCN), while both are attenuated in. the liver (Kudo
et al., 2004). Based on these findings, the idea that obesity
affects molecular clock function in peripheral tissues but not
centrally has been proposed (Prasai et al.,, 2008). However,
metabolic alterations disturb the patterns and/or circadian
rhythmicity of behaviors, such as sleep-wake cycle (Danguir,
1989); (Jenkins et al., 2006); (Laposky et al., 2006); (Megirian et
al., 1998), locomotor activity and feeding (Kohsaka et al., 2007),
indicating rhythmic perturbation in the CNS. Therefore, in the
present study, we examined whether obesity per se alters

circadian expressions of clock genes in the CNS, especially in
the caudal brainstem nucleus of the solitary tract (NTS).

Recently, we have demonstrated that alterations in fat
accumulation in intra-abdominal organs, such as visceral
adipose tissue and the liver, send afferent neuronal signals to
the brain, leading to modulation of feeding behavior as well as
efferent sympathetic tonus (Uno et al,, 2006); (Yamada et al.,
2006). These neuronal signals are likely to initially be processed
mainly by the NTS (Grill, 2006); (Schwartz, 2006), since the NTS
receives neuronal projections of vagal and non-vagal afferents
(Menetrey and Basbaum, 1987); (Menetrey and De Pommery,
1991). In addition, humoral factors, such as leptin, insulin and
glucose, may directly impinge on neuronal activities in the NTS
(Grill, 2006); (Schwartz, 2006). Furthermore, the NTS and the
hypothalamic nuclei send neuronal projections to each other.
Thus, we postulate that the NTS is ideally situated for integrating
central and peripheral metabolic signals. Therefore, we focused
on the circadian expressions of clock genes in the NTS.

2. Results

2.1. Rhythmic mRNA expressions of clock genes in the NTS
of C57BL/6 mice

To investigate whether the mRNA expressions of clock genes
show circadian rhythms in the NTS, we first analyzed wild-
type lean control mice, 10-week-old C57BL/6 mice fed a regular
chow diet (CD mice). Bilateral NTS samples at the level of the
area postrema were obtained every 4 h throughout a single
24-h period employing a laser micro-dissection procedure
(Fig.1A). Clock and Cryl expressions did not show circadian
rhythms in the NTS (Fig. 1B). In contrast, other clock genes we
examined (Npas2 (a Clock homolog), Bmall, Perl, Per2 and Rev-
erbo) all exhibited 24-h rhythmicity. The transcript levels of
Bmall and Npas2 peaked in the first half of the light phase. On
the: other hand, the Perl and Per2 mRNA simultaneously
dropped to near trough levels (Fig. 1B). The NPAS2/BMAL1
complex reportedly induces transcription of Per genes (Reick
et al;; 2001). In'addition, the rhythmicity of these clock genes
was also observed in the NTS of 15-week-old C57BL/6 mice and
no significant differences in the expression profiles of these
clock genes were detected between 10-and 15-week-old C57BL/
6 mice (Fig. 1C). These results indicate that an intracellular
circadian clock system actually operates in the NTS.

2.2.  Alterations in circadian mRNA expression profiles of
clock genes in the NTS of obesity models

Next, we examined whether obesity affects the circadian
expressions of clock genes in the NTS. As shown in Fig. 2,
C57BL/6 mice fed a high fat diet for 10 weeks (HFD mice),
KK-AY and ob/ob (leptin-deficient) mice were significantly
heavier than CD mice. Serum insulin levels were: signifi-
cantly: increased in “all' these murine - obesity models. In
addition, blood glucose levels were markedly increased in
KK-AY and ob/ob mice. Serum leptin levels were also
increased in HFD and KK-AY mice. Serum. free. fatty acid
levels were markedly increased in KK-AY and ob/ob mice but
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not in HFD mice (Fig. 2). These findings suggest that severe
insulin resistance is induced in KX-AY and ob/ob mice, while
that in HFD mice is milder.

To examine the hypothesis that obesity affects expressions
of clock genes, we analyzed the circadian expressions of
transcripts encoding CLOCK, NPAS2, BMAL1, PER1, PER2, CRY1
and REV-ERBa in the NTS of these murine obesity models. The
rhythms and levels of expressions of these clock genes in the
NTS of murine obesity models were compared with those in
age-matched CD mice (HFD mice vs 15-week-old CD mice and
KK-AY and ob/ob mice vs 10-week-old CD mice). As shown in
Fig. 3, the levels of Clock expression were significantly
increased at several observation times in HFD mice. Interest-
ingly, rhythms of Bmall expression in the NTS were signifi-
cantly altered in HFD (2-way ANOVA; F=11.54, P=2.0x107")
and KK-AY (2-way ANOVA; F=4.01, P=4.9x10"%) mice and
levels were significantly increased in HFD, KK-AY and ob/ob
mice. The Per2 expression level tended to be increased in KX-
AY mice, although the difference did not reach statistical
significance. The Cryl expression level was significantly
decreased in KK-AY and ob/ob mice. Furthermore, in addition
to decreased expression levels of Rev-erba, the rhythms of its
expression were significantly altered in the NTS of HFD (2-way
ANOVA; F=2.49, P=4.6x10"2), KK-AY (2-way ANOVA; F=12.02,
P=3.0x10"7) and ob/ob mice (2-way ANOVA; F=7.90,
P=2.8x107") (Fig. 3). Collectively, these findings suggest that
obesity with insulin resistance alters profiles of rhythmic
clock gene expressions in the NTS and generates gene-specific
changes in circadian expression patterns.

2.3, The mRNA expression profiles of clock-related genes
in the NTS of obesity models

What mechanisms alter the expression profiles of clock
genes? Transcriptional activity of peroxisome proliferator-
activated receptor o (PPARa), 2 member of the nuclear receptor
superfamily, is up-regulated in the livers of mice with obesity
and diabetes (Memon et al., 2000). In addition, the CLOCK/
BMAL1 heterodimer activates the transcription of PPARe,
which then binds to the peroxisome proliferator response
element and thereby induces Bmall transcription in the liver
(Canaple et al.,, 2006). In_addition, PPAR«a is reportedly
expressed in the NTS, but not in the hypothalamus (Moreno
et al.,, 2004). These findings prompted us to theorize that
PPARa affects the mRNA expression profiles of clock genes.
Therefore, we analyzed mRNA expression profiles of PPAR«x in
the NTS of CD mice as well as that of murine models of obesity
and insulin resistance. In both CD and obese mice (HFD, KK-AY
and ob/ob mice), PPARwx expression in the NTS showed no 24-h
rhythmicity (Fig. 4A). However, the mRNA expression level of
PPAR« was significantly increased in the NTS of HFD and KK-

AY mice, In addition, in the NTS of ob/ob mice, the PPAR«
expression level tended to be increased and carnitine palmitoyl-
transferase-la (CPT1la), a downstream target of PPARa, was
significantly up-regulated, suggesting functional activation of
PPARa (Fig. 4A). Thus, PPARw in the NTS might be involved in
the altered expression profiles of clock genes.

Next, to investigate whether alterations in circadian
expressions of clock genes affect neuronal function in the
NTS, we analyzed the mRNA expression levels of downstream
targets of clock genes, Kenmal and tyrosine hydroxylase (TH),
both of which are involved in neuronal activity. Daily expres-
sion of Kcnmal, the large conductance Ca**-activated K*(BK)
channel, is reportedly controlled by the intrinsic circadian
clock in the SCN (Meredith et al., 2006); (Panda et al., 2002). The
circadian expression profile of TH, the rate-limiting enzyme in
catecholamine synthesis, is also affected by Clock in the
midbrain ventral tegmental area (McClung et al., 2005). As
reportedly observed in the SCN (Panda et al., 2002), Kcnmal in
the NTS of CD mice was highly expressed in the early portion of
the dark phase (Fig. 4B). In contrast, this Kcnmal expression
pattern disappeared and expression levels were markedly
decreased in the NTS of all three murine obesity models
(Fig. 4B). In addition, TH expression levels in ob/ob mice were
significantly decreased as compared to those in CD mice
(Fig. 4B). Collectively, obesity-induced alterations in expres-
sion profiles of clock-related genes, such as Kecnmal and TH,
might elicit neuronal dysfunctions in the NTS, although
further studies are needed to confirm this possibility.

3. Discussion

In the present study, we demonstrated the circadian expres-
sions of a series of core clock genes in the NTS of lean wild-
type mice. In addition, the circadian expressions of core clock
genes and their downstream targets were shown to be
attenuated in the NTS of obesity models, suggesting the
involvement of NTS rhythmic perturbation in further meta-
bolic deterioration in the obese state.

Metabolism is coordinated and regulated among different
organs/tissues throughout the body. This coordinated meta-
bolic regulation is apparently essential -for maintaining
systemic homeostasis, particularly energy metabolism. Meta-
bolic communication among organs/tissues and integration of
metabolic information in various tissues thus appears to be
important and perturbation of this control system may lead to
the development of metabolic disorders (Katagiri et al., 2007).
This controlling system is likely to consist of afferent and
efferent limbs as well as a central control mechanism
putatively situated in the CNS (Yamada et al., 2008). For the
afferent limb, there are two avenues, humoral factors and

Fig. 1 - Rhythmic mRNA expressions of clock genes in the NTS of C57BL/6 mice. (A) Coronal section of mouse brainstem within
the NTS region of before laser micro-dissection (left). The NTS removed at the area postrema level (right). AP, area postrema;
DMV, dorsal motor nucleus of the vagus. (B) Daily mRNA expression profiles of clock genes in the NTS of 10-week-old C57BL/6
mice, which had been maintained under a 12-h light, 12-h dark cycle and fed a standard diet. (C) Daily mRNA expression profiles
of clock genes in the NTS of 15-week-old C57BL/6 mice (O-0), which had been maintained under a 12-h light, 12-h dark cycle and
fed a standard diet. Data are presented as means * SE (n=4-5/group). 1-way ANOVA demonstrates significant rhythmicity of
Npas2, Bmal1l, Perl, Per2 and Rev-erbac mRNA levels (P<0.05). *Indicates peaks of rhythmically expressed each mRNA.
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afferent neuronal signals. For instance, mechanical, nutrient
chemical and gut peptide signals are sent from the gastro-
intestinal tract by primary afferent neurons of the vagus and
from the dorsal root (Badman and Flier, 2005). In addition, we
have recently demonstrated that information regarding lipid
metabolism in intra-abdominal tissues, such as visceral
adipose tissue and the liver, is conveyed to the brain via
afferent nerves, leading to modulation of feeding behavior and
sympathetic tonus (Uno et al., 2006); (Yamada et al,, 2006).
These neuronal signals are initially processed mainly by the
NTS (Grill, 2006); (Schwartz, 2006). In addition, receptors for
humoral factors, such as leptin and insulin, are reportedly
expressed on NTS neurons (Grill, 2006); (Schwartz, 2006).
Furthermore, the NTS sends projections to other autonomic
nuclei at all levels of the neuroaxis, including major targets in
the hypothalamus, pons and medulla (Hermes et al., 2006).
NTS neurons in turn receive descending projections from a
variety of hypothalamic nuclei implicated in the control of
energy homeostasis (Grill, 2006); (Schwartz, 2006). Thus, the
NTS seems to be ideally situated to integrate central and
peripheral signals. In the present study, the circadian expres-
sions of a series of core clock genes, including Npas2, Bmali,
Per1, Per2 and Rev-erba, were demonstrated in the NTS of lean
wild-type mice, results consistent with those of a previous
report describing rhythmic expressions of Bmall and Per2 in
the rat NTS (Herichova et al., 2007).

Recent studies have suggested that rhythmic abnormal-
ities affect energy homeostasis as well as glucose and lipid
metabolism (Prasai et al., 2008); (Rudic et al., 2004); (Turek et
al., 2005). Metabolic perturbation, in turn, reportedly induces
dysregulation. of circadian rhythms in the periphery. In fact,
both genetically induced and high fat diet-induced obesity
attenuates the circadian expressions of a number of clock
genes in peripheral tissues, such as adipose and the liver
(Ando et al., 2006); (Ando et al., 2005); (Kohsaka et al., 2007);
(Kudo et al., 2004). In addition, metabolic alterations disturb
patterns and/or the circadian rhythmicity of behaviors, such
as the sleep-wake cycle, locomotor activity and feeding. For
example, mice fed a high-fat diet have longer sleep times but
less sleep consolidation (Jenkins et al., 2006). Genetic mouse
(Laposky et al., 2006) and rat (Danguir, 1989); (Megirian et al,,
1998) models of obesity exhibit disrupted sleep-wake pat-
terns. High-fat diet also leads to changes in the period of
locomotor activity and feeding rhythm in mice (Kohsaka et
al; 2007). Since these behavioral abnormalities indicate CNS
dysfunction, these findings suggest circadian malfunction in
the CNS. However, obesity reportedly has no effects mole-
cular clock genes in the hypothalamus (Kohsaka et al., 2007)
and the SCN (Kudo et al., 2004). In the present study, we
showed both high fat diet-induced and genetically induced
obesity to affect circadian expression profiles of core clock
genes, such as Clock, Bmall, Rev-erba and Cryl in the NTS.
This is the. first report to demonstrate that circadian
expression profiles of clock genes in the CNS are perturbed
by obesity.

A major question arising from these findings involves the
nature. of . the molecular link between :the regulation: of
metabolism ' and. the circadian rhythmicity of clock genes.
We showed: that. both: PPAR« transcription-and the Bmall
expression level were. increased in the:NTS: of obese mice.

Obesity reportedly enhances PPARa transcriptional activity in
the liver (Memon et al., 2000). PPARa binds to the PPRE and
induces transcription of Bmall (Canaple et al, 2006). In
addition, amplitudes of Bmall expression are reportedly
decreased in the livers of PPARx knockout mice {Canaple
et al,, 2006), which is in line with the findings of this study.
Therefore, PPARa might be directly involved in obesity-
induced enhancement of Bmall expression in the NTS,
although further studies are needed to confirm this conclu-
sion. Furthermore, we found that Rev-erba expression was
decreased in the NTS of obese mice. Rev-erba transcription is
inhibited by retinoic acid (Chawla and Lazar, 1993), levels of
which are increased in the metabolic syndrome (Yang et al,,
2005). These findings prompt us to hypothesize that high
concentrations of retinoic acid would decrease expression
levels of Rev-erba in the NTS of mice with obesity and insulin
resistance. In addition, because Bmall transcription is inhib-
ited by REV-ERBa (Chawla and Lazar, 1993); (Preitner et al.,
2002), decreased Rev-erba expression may in turn contribute to
increased Bmall expression.

Finally, we showed that the expression profiles of down-
stream targets of clock genes were affected by obesity
associated with insulin resistance. The expression profile of
Kcnmal, a downstream target of clock genes (Meredith et al,,
2006); (Panda et al., 2002), was attenuated in the NTS of obese
mice. Since the BK channel is believed to play a critical role in
the control of neurosecretion (Lara et al., 1999); (Lovell and
McCobb, 2001), attenuated expression of Kenmal might
underlie the neuronal dysfunction in obese states. In addi-
tion, TH mRNA expression was decreased in the NTS of ob/ob
mice. Recent reports have demonstrated. that neural path-
ways from catecholamine neurons in the NTS to the
hypothalamus are involved in energy homeostasis (Date
et al, 2006); (Ritter et al., 2003). Therefore, these findings
suggest that perturbation of circadian expression profiles of
clock genes in the NTS is involved in further metabolic
deterioration of energy homeostasis.

In summary, this study showed that a series of core
clock genes exhibit circadian rhythms in the NTS of the
brainstem. However, these rhythmic expressions are per-
turbed in murine models with high fat diet-induced or
genetically induced obesity and insulin resistance. Obesity
also alters expressions of PPARx and downstream targets of
clock genes, which might account for the mechanisms
underlying the rhythmic disruption and neuronal dysfunc-
tion in obese states. This is the first report showing that
obesity perturbs the circadian expressions of core clock
genes in the CNS.

4, Experimental procedures
4.1.  Animals

Male C57BL/6 mice’ (Kyudo, Kumamoto, Japan), KK-AY mice
(CLEA Japan, Tokyo, Japan) and ob/ob mice (strain C57BL/6 ob/
ob) (Charles River Japan, Yokohamsg, Japan) were obtained and
maintained  under specific-pathogen: free: conditions: with
controlled temperature and humidity and a 12-h light (0600~
1800); 12-h dark (1800-0600) cycle. According to the breeder
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Fig. 4 - mRNA expression profiles of clock-related genes in NTS of obesity models. Daily mRNA expression profiles of PPARa
and CPT1a (A), Kenmal and TH (B) in the NTS of 10-week-old CD mice (25, 15-week-old CD mice (0-0); HFD mice (A-A), KK-AY
mice ((0-0J) and ob/ob mice (0-0). Data are presented as means=SE (n=4-5/group). *P<0.05 by 2-way ANOVA followed by

Tukey’s post hoc test.

(CLEA Japan, Tokyo, Japan) information, KK-AY mice were
generated by crossing KK mice with C57BL/6-AY mice. KK mice
are mildly obese and insulin resistant (Ando et al., 2006);
(Yamada et al., 2006). Therefore, as reported previously (Ando
et al., 2006), to examine whether obesity per se alters circadian
expressions of clock genes in the CNS, we used C57BL/6 mice,

rather than KK mice, as lean controls for KK-AY mice. Mice
were housed individually and given a standard laboratory diet
(65% carbohydrate, 4% fat, 24% protein) and water ad libitum.
These animals, at 10 weeks of age, were sacrificed to obtain
blood and brain samples at the following zeitgeber times (ZTs):
1,5,9,13,17 and 21, in which ZT 0 is defined as lights on and

Fig.3 - Alterations in circadian mRNA expression profiles of clock genes in NTS of obesity models Daily mRNA expression profiles
of clock genes in the NTS of 10-week-old CD mice (s-¢), 15-week-old CD mice (O-0}), HFD mice {A-A), KK-AY mice (0-0) and
ob/ob mice ((--0). Data are presented as means = SE (n=4-5/group). *P<0.05 by 2-way ANOVA followed by Tukey’s post hoc test.
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Table 1 ~ Sequences of quantitative

PCR primers

P / liferator-activ
CPT1u, carnitine palmitoyl-transfer
TH, tyrosine hydroxylase ,
_ GAPDH, glyceraldehyde-3-phosphate dehydrogen:

ZT 12 as light off. High-fat-chow feeding (32% safflower oil,
33.1% casein, 17.6% sucrose, and 5.6% cellulose) (Yamada et
al., 2006) was initiated at 5 weeks of age in C57BL/6 mice and
continued for 10 weeks. All animal studies were conducted in
accordance with the institutional guidelines for animal
experiments at Tohoku University.

4.2.  Blood analysis

Blood glucose and serum insulin, leptin, and free fatty acid
levels were determined as previously described (Yamada
et al., 2006).

4.3.  Tissue preparation

All animals were sacrificed by decapitation at the indicated
ZTs. The brains were immediately frozen in isopentane on dry
ice and stored at-80 °C until RNA purification.

4.4, Laser micro-dissection

Coronal cryostat sections (20 um) through the bilateral NTS
at the level of the area postrema (Fig. 1A) were placed on
PEN-coated slides (Leica Microsystems). Laser micro-dissec-
tion was carried out on a Leica AS LMD (Leica Microsys-
tems). Immediately after micro-dissection, the samples were
placed on dry ice and then stored at a-80 °C until RNA
purification.

4.5.  RNA purification and quantitative real-time
PCR (qRT-PCR)

Total RNA was purified from 10 20-micron laser  micro-
dissected NTS specimens with an RNeasy microkit (QIAGEN,
Valencia, CA, USA), and ¢cDNA synthesized from total RNA
was evaluated with a real-time PCR quantitative system
(Light Cycler Quick System 350S; Roche Diagnostics GmbH,
Mannheim, Germany) as previously reported (Yamada et al,,
2006).The relative amount of mRNA was calculated with

GAPDH mRNA as the invariant control. The primers used are
shown in Table 1.

4.6, Statistics

The results are presented as means = SE. Body weights and
time-series data were analyzed by 1-way ANOVA to determine
significant differences. The statistical significance of differ-
ences between two groups was determined using 2-way
ANOVA followed by Tukey’s post hoc test.
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Wolfram syndrome is a rare genetic disorder accompanying diabetes insipidus, sensorineural hearing
loss, neurological complications, and psychiatric illness. This syndrome has been attributed to mutations
in the WFST gene. In this study, we made a detailed histochemical analysis of the distribution of Wfs1
mRNA in the brain of developing mice. There were three patterns of change in the strength of Wfs7 mRNA
signals from birth to early adulthood. In type 1, the signals were weak or absent in neonates but strong or
moderate in young adults. This pattern was observed in the CA1 field, parasubiculum, and entorhinal

5\% ;'}Jgism cortex. In type 2, the signals were of a relatively constant strength during development. This pattern was
CA1 field seen in limbic structures (e.g. subiculum and central amygdaloid nucleus) and brainstem nuclei (e.g.
Parasubiculum facial and chochlear nuclei). In type 3, the signals peaked in the second week of age. This pattern was

observed in the thalamic reticular nucleus. Thus, Wfs1 mRNA was widely distributed in the normal
mouse brain during postnatal development. This evidence may provide clues as to the physiological role
of the Wfs1 gene in the central nervous system, and help to explain endocrinological, otological,
neurological, and psychiatric symptoms in Wolfram syndrome patients.

© 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Entorhinal cortex

Facial nucleus

Diabetes insipidus

Sensorineural hearing loss

In situ hybridization histochemistry

1. Introduction protein, also called wolframin, localizes primarily to the
endoplasmic reticulum (ER) membrane, and contains nine
transmembrane segments with the amino-terminus in the cytosol
and the carboxy-terminus in the ER lumen (Takeda et al.,, 2001;
Hofmann et al., 2003). Subsequent functional studies showed that
the WFS1 protein is important in the regulation of intracellular
Ca?* homeostasis (Osman et al., 2003; Takei et al, 2006),

contributes to cell cycle progression (Yamada et al,, 2006), and

Wolfram syndrome (OMIM 222300) is an autosomal recessive
neurodegenerative disorder defined by young-onset non-auto-
immune insulin-dependent diabetes mellitus and progressive
optic atrophy (Wolfram and Wagener, 1938; Minton et al., 2003).
The nuclear gene responsible for Wolfram syndrome has been
identified as WFS1 (Wolfram syndrome 1; Inoue et al,, 1998;

Strom et al., 1998), and is located at4p16.1 (Polymeropoulos et al.,
1994; Collier et al., 1996). The WFST gene is also responsible for
autosomal dominant low frequency sensorineural hearing loss
(Bespalova et al., 2001; Young et al,, 2001), and is a candidate to
contribute low risk for type 2 diabetes mellitus (Minton et al.,
2002; Sparse et al., 2008; Wasson and Permutt, 2008). The WFS1

* Corresponding author at: Laboratory for Neuroanatomy, Department of
Neurology, Kagoshima University Graduate School of Medical and Dental Sciences,
35-1, Sakuragaoka 8-chome, Kagoshima, 890-8544, Japan. Tel.: +81 99 275 5212;
fax: +81 99 275 5214.

E-mail address: kawanoj@m2.kufm.kagoshima-u.ac.jp (J. Kawano).

is produced under conditions of troubled homeostasis, including
ER stress (Yamaguchi et al., 2004; Fonseca et al,, 2005; Ueda et al.,
2005). In addition, screening for mutations in Wolfram syndrome
patients demonstrated more than 50 distinct mutations of the
WFS1 gene, including stop, frameshift, deletion and missense
mutations (Inoue et al., 1998; Strom et al., 1998; Hardy et al,,
1999; Gémez-Zaera et al.,, 2001; Khanim et al., 2001; Tessa et al,,
2001; Cano et al., 2007). Thus loss-of-function mutations in the
WEFS1 gene have been linked to Wolfram syndrome, however,
molecular functions of the WFS1 protein and the mechanism by
which mutations of the WFS1 gene cause Wolfram syndrome
remain unclear.

0168-0102/$ - see front matter © 2009 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi:10.1016/j.neures.2009.03.005
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Although the defining characteristics of Wolfram syndrome are
diabetes mellitus (100%)! and optic atrophy (100%), other symptoms
include cranial diabetes insipidus (73%), sensorineural deafness
(62%), neurological complications (cerebellar ataxia and myoclonus;
62%), and psychiatric illness (60%) (Swift et al.,, 1990; Barrett et al,,
1995). Accordingly, the term DIDMOAD (diabetes insipidus, diabetes
mellitus, optic atrophy, and deafness) is used to describe Wolfram
syndrome with more widespread complications (Barrett et al.,
1995). The prevalence of Wolfram syndrome is one per 770,000 in
the UK population, and the median age at death (commonly central
respiratory failure with brainstem atrophy) is 30 years (range 25-49
years) (Barrett et al., 1995). Neuroradiological (Rando et al,, 1992;
Scolding et al., 1996; Ito et al., 2007) and neuropathological (Genis
et al, 1997; Shannon et al, 1999) studies have reported severe
atrophy in the brainstem, cerebellum, and optic nerve of Wolfram
syndrome patients. Mild atrophy was also observed in the cerebral
cortex and hypothalamus. Thus, clinical and pathological facts
concerning brain-related (ophthalmological, endocrinological, oto-
logical, neurological, and psychiatric) symptoms in Wolfram
syndrome have been accumulated. However, the site of pathology
for these symptoms remains unclear. To obtain insights into the site
of pathology for the symptoms, it is necessary to examine WFS]
expression in the brain not only at the adult stage, but also at the
developmental stages, since there is a possibility that lack of WFS1
expression during development contributes to the progression of
the brain-related symptoms of Wolfram syndrome caused by loss-
of-function mutations in the WFST gene. Insights into the site of
pathology may provide hypotheses about the pathophysiology of
the brain-related symptoms of Wolfram syndrome.

In the rodent brain, expression of the WfsT gene has previously
been described in the cerebral cortex, the basal: ganglia, the
hypothalamus, the brainstemn motor- and sensory nuclei, the
reticular formation, and in the cerebellar cortex, as well as in the
CAT field of the hippocampus and in the amygdala (Takeda et al,,
20071; Ishihara et ak, 2004; Kato et al., 2008; Kawano et al., 2008;
Luuk et al,, 2008). To obtain neurocanatomical evidence for under-
standing the endocrinological, otological, neurological, and psy-
chiatric symptoms of Wolfram syndromie, and to establish a basis for
functional studies of the WFS1 protein in the brain, we performed a
detailed histochemical analysis of the distribution of Wfs1 mRNA
signals in the brain of normal mice during postnatal development.

2. Materials and methods
2.1.-Animals and tissue prepdration

Male mice (n =10; C57BL/6NCrlCrlj; Charles River Laboratories
Japan, Inc.; Yokohama, Kanagawa, Japan) were used in this study.
The delivery day was designated as postnatal day 0 (P0)..Three
mice at 8 weeks old (P8W, early adulthood), two mice at P28, and
five neonates at early postnatal ages; PO, P4, P7, P14, and P21, were
used. Prior to the experiments, they were housed in an animal care
facility with a=12-h- light (lights on 8:00-20:00),: 12-h dark
photoperiod and free access to tap water-and rodent chow. The
mice were deeply anesthetized with sodium pentobarbital (50 mg/
kg, i.p.), and perfused transcardially with 4% paraformaldehyde
dissolved in 0.1 M sodium phosphate buffer (PB; pH 7.4} at 4 °C.
Brains were removed from the skull, stored in the same fixative for
48 h, and then immersed in 30% saccharose in 0.1 M PB at 4 °C until
they sank. The' brains were frozen in powdered dry ice and
coronally cut at a thickness of 40 wm. The sections were collected
as a 1-in-5 series in a cryoprotectant medium (33.3% saccharose,
1% polyvinylpyrrolidone (K-30), and: 33.3% ethylene - glycol- in

' Percentage in parentheses shows frequency of the feature: in’ Wolfram
syndrome patients.

0.067 M sodium phosphate buffer (pH 7.4) containing 0.067%
sodium azide; Warr et al,, 1981) and stored at —30 °C prior to use.
In each experimental case at ages PO and P4, heads including the
brain were processed as described above without decalcification.

All experimental protocols for this study were approved by the
committee on the Ethics of Animal Experimentation at Yamaguchi
University School of Medicine, and were conducted according to
the guidelines for Animal Research of Yamaguchi University School
of Medicine and The Law (No. 105) and Notification {No. 6) of the
Japanese Government.

2.2, Preparation of cRNA probes

To synthesize a ¢cRNA probe for in situ hybridization, a 1548-
base fragment of the mouse Wfs1 cDNA was amplified by RT-PCR,
and subcloned into the vector pCR-Blunt (Invitrogen, Carlsbad, CA).
The primers used were MOUSE-U2, 5'-T CCG TACTCT CACCGA CCT
G-3’, and MOUSE L3, 5'-C TCA GGC GGC AGA CAG GAA T-3'. The
fragment encoded the 3’-end of the protein-coding region
including the stop codon, and occupied 85% of exon 8 where
many mutations have been reported in the WFST gene of Wolfram
syndrome patients (Inoue et al., 1998; Strom et al., 1998; Hardy
et al., 1999; Gomez-Zaera et al,, 2001; Khanim et al., 2001; Cano
et al,, 2007). Two independent clones containing the insert with a
different orientation (pCR-clone 19 for sense, pCR-clone 1 for anti-
sense) were used. A sense or an anti-sense cRNA probe was
obtained by in vitro transcription with a DIG RNA labeling kit (SP6/
T7; Roche Diagnostics GmbH, Penzberg, Germany).

2.3. In situ hybridization histochemistry

In situ hybridization histochemistry was carried ouf as described
previously (Kawano et al,, 2008). Free-floating sections washed for
5 min in: diethylpyrocarbonate-treated phosphate-buffered saline
(DEPC-PBS) were pretreated with 0.2 N HCI for 20 min; washed
twice - for: 5min in DEPC-PBS, "and: then ' acetylated 'in 0.1 M
triethanolamine~HCl (pH: 8.0) containing 0.25%: acetic anhydride
for 10 min. Before the hybridization step, sections were washed
again_ twice for 5 min with' DEPC-PBS. All pretreatments were
performed at 4 °C. Following the pretreatment; sections. were
preincubated in: hybridization buffer: (50% deionized-formamide;
10 mM Tris-HCl; pH 7.5; 1 mM EDTA, pH 8.0; 600 mM NaCl; .1x
Denhardt’s: solution; 10%: dextran sulfate; 0.25% sodium' dodecyl
sulfate; ‘and 200 pg/ml yeast tRNA) at 55 °C for 1 h and then
hybridized with DIG-labeled anti-sense cRNA probes (0.5 pg/ml;
denatured at 95 °C for 5 min and cooled at 4 °C for 5 min shortly
before use) in the same buffer at 55 °C for 16 h. After hybridization,
the sections were washed with 2 x SSC (300 mM NaCl, and 30mM
sodium citrate; pH 7.0) containing 50% formamide at 55.°C for 1 h,
rinsed in wash buffer (500 mM NaCl, 10 mM Tris-HCI, pH 8.0; and
1' mM EDTA, pH 8.0) for 10 min and then incubated with RNase A
(20 p.g/ml; Sigma-Aldrich, St. Louis; MO) in wash buffer at 37 °C for
30 min. After being rinsed in wash buffer again for 10 min; they were
soaked in 2x. SSC contfaining 50% formamide and 0.2x:SSC
containing: 50% formamide at 55 °C for 30 min each. To peiform
the immunoreaction, the sections were blocked in-buffer 2 (buffer 1
(150 mM  NacCl; and 100 mM Tris=HCl, pH - 7.5) containing 2%
blocking reagent) at 20 °C for 1 h'and then incubated in buffer 2
containing alkaline phosphatase-conjugated: sheep-anti-DIG anti-
body (Roche Diagnostics) diluted 1:3000 at 20 .°C for 16 h. After two
washes in buffer 1 for 10 min; they were rinsed in buffer 3 (100 mM
NacCl, 50 mM MgCl,, and: 100 mM Tris-HCl; pH 9.5) for. 5 min:.and
incubated: with: NBT/BCIP ‘substrate (1:50; Roche Diagnostics) in
buffer 3 at 37 °C for 2~4 h to visualize the immunocomplex. The
coloring reaction was stopped with: buffer 4. (1 mM: EDTA, and
10 mM Tris~HCI,. pH~8.0); and" the 'sections were washed ‘in
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phosphate-buffered saline, mounted on glass slides using a 0.6%
gelatin solution, and air-dried. The slides were coverslipped with
Entellan neu mountant (Merck KGaA, Darmstadt, Germany). As a
control, a sense cRNA probe was used instead of the anti-sense cRNA
probe. Few mRNA signals were observed in control sections. For the
cytoarchitectonic analysis, adjacent series of brain sections at PO and
P8W (early adulthood) were subjected to Nissl staining by using
cresyl violet (acetate) (Merck KGaA).

2.4. Photomicrographs and terminology

Brightfield photomicrographs were taken using a DXM1200 color
digital camera (Nikon, Tokyo Japan) equipped with an Optiphot-2

Table 1

photomicroscope (Nikon). Images were transferred to Adobe Photo-
shop 6 (Adobe Systems, San Jose, CA), and brightness, contrast, and
picture sharpness were adjusted. No other adjustment was made.
The nomenclature used for the different regions of the brain
primarily followed that of Paxinos and Franklin (2001).

3. Results

3.1. Changes in the strength of Wfs1 mRNA expression during
postnatal development

Postnatal changes in the strength of Wfs1 mRNA expression in
each of the mouse brain structures are shown in Table 1. A general

Postnatal changes in the strength of Wfs7 mRNA expression in each of the mouse brain structures.

1 the mgu]ate cortex
~ mform cortex ‘
lateral septal nuc[eus -
Nucleus accumbens
Mesencephahc mgemmai nucleus
Medial subdivision of the facxal nucleus
. Nucleus amblguus

‘Layer i inthe somatosensary cortex
LLayer 1 m the auchtory cortex,
he

+++, strong expression; ++ moderate expression; +, weak expression; —; undetectable expression.
PO, P4, P7, P14, P28, and P8W indicate posinatal days 0; 4, 7, 14, and 28, and postnatal week 8, respectively.

Abbreviations of the nomenclature are described in:the far left column.
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Fig. 1. A graph showing a general impression of postnatal changes in the strength of
Wfs1 mRNA expression in each structure of the mouse brain. Black-solid; shaded-
solid, and black-dashed lines indicate types 1, 2, and 3 patterns, respectively. Upper
part of the graph represents stronger Wfs1 mRNA expression. PO, P7, P14, P28, and
P8W show postnatal days 0, 7, 14, and 28, and postnatal week 8, respectively. Note
that the patterns are categorized into three types. In addition, each type is classified
into two or three subtypes (e.g. 1a, 1b, and 1¢) according to the maximum strength
of Wfs1 mRNA expression during postnatal development.

impression of the changes is provided in Fig. 1, which shows a
graph, depicting patterns of change in the strength of Wfs7 mRNA
expression from birth to early adulthood. As shown in Fig. 1, the
patterns were classified into three types (1, 2, and 3) according to
the strength of Wfs1 mRNA expression at different developmental
stages. In the type 1 pattern, Wfs1 mRNA signals were weak or
absent on delivery day (P0), progressively increased from PO to
postnatal day 14 (P14), and were of a relatively stable strength
from P14 to early adulthood (postnatal week 8; P8W). In addition,
type 1 was categorized into three subtypes (1a, 1b, and 1c)
according to the strength of Wfs1 mRNA expression from P14 to
early adulthood (P8W). In type 1a, strong Wfs1 mRNA signals were
seen from P14 to early adulthood (P8W). This pattern was observed
in the CA1 field of the hippocampus (CA1), the medial entorhinal
area (MEA), the lateral entorhinal area (LEA), and in the
parasubiculum (PaS) (Figs. 1 and 2; Table 1). In type 1b, moderate
Wfs1 mRNA signals were seen from P14 to early adulthood (P8W).
This pattern was observed in layer I of the motor (MoCll) and
cingulate (Cgll) cortices, the piriform cortex (Pir), the lateral septal
nucleus (LS), nucleus accumbens (Acb), the mesencephalic
trigeminal nucleus (Me5), the medial subdivision of the facial
nucleus (7NM), and in nucleus ambiguus (Amb) (Figs. 1, 3, 4G-L;
Table 1). In type 1c, weak WfsT mRNA signals were seen from P14
to early adulthood (P8W). This pattern was observed in layer II of
the somatosensory (SoCll), auditory (AuCll) and visual (ViCll)
cortices, and in the superior colliculus (SC) (Fig. 1; Table 1).

In the type 2 pattern, Wfs1 mRNA signals were of a relatively
constant strength from PO to early adulthood (P8W). Like type 1,

Fig. 2. Type 1a pattern of WfsT mRNA signals in the mouse brain during postnatal development. (A-F) Changes in W/fsT mRNA sighals in the CA1 field of the hippocampus (CA1)
during postnatal development. The day of birth is regarded as postnatal day 0 (P0). P4, P7, P14, P28, and P8W indicate postnatal days 4, 7, 14, and 28, and postnatal week 8,
respectively. Brain sections of PO, P4; P7, P14, P28, and of PSW mice are shown in panels (A), (B), (C), (D), (E), and (F), respectively. The arrowhead in (A) shows the border
between the subicululm (5) and the CA1 field. The bregma level of a PSW-mouse section is represented at the lower right in (F). Scale bar = 500 pm in (D) for (A-C) and for (E
and F). (G-L) Changes in Wfs1 mRNA signals in the parasubiculum (PaS) and the medial entorhinal area (MEA) during postnatal development. Brain sections of PO, P4, P7, P14,
P28, and of P§W mice dre shown in pariels (G); (H), (I}, ), (K), and (L), respectively. Arrowheads in (H-L) show the boundary between the PaS and the MEA. The bregma level of
a P8W-motise section is represented at the lower right in (L), Note that WfsT mRNA signals in the type 1a pattern are weak or absent on PO, progressively increase from PO to
P14, are strong on P14, and are of a relatively stable strength from P14 to P8W. LEA, lateral entorhinal area. Scale-bar= 500 pm in (J) for (G-1} and for (K and L).
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type 2 was categorized into two subtypes (2a and 2b) according to
the strength of WfsT mRNA expression from PO to early adulthood
(P8W). In type 2a, moderate WfsT mRNA signals were invariably
seen, This pattern was mainly observed in the limbic structures,
and in the brainstem motor nuclei. It - was found in the subiculum
(S), the olfactory tuberculum (Tu); the lateral bed nucleus of the

Fig. 2. (Continvied ):

stria terminalis (BSTL), the interstitial nucleus of the posterior limb
of the anterior commissure (IPAC), the central amygdaloid nucleus
(Ce), the caudal part of the caudate putamen (CPu), the motor
nucleus of the trigeminal nerve (Mo5), the lateral subdivision of
the facial nucleus (7NL); and in the. hypoglossal nucleus. (12N)
(Figs. 1 and 4; Table 1):'As'described above, in the facial nucleus,
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Fig. 3. Type 1b pattern of Wfs1 mRNA signals in'the mouse brain during postnatal developmient. (A~F) Changes in Wfs1 mRNA signals in layer [f of the cingulate cortex (Cgll)
during postnatal development. The day of birth is regarded as.postnatal day O (PO). P4, P7, P14, P28, and P8W indicate postnatal days 4, 7, 14, and 28, and postnatal week 8,
respectively. Brain sections of P0, P4, P7, P14, P28, and of P8W.mice are shown in parels (A), (B), (C); (D), (E), and (F), respectively. The arrowhead in (F) shows the border
between the cingulate cortex and the motor cortex. The bregma level of a PBW-mouse section is represented at the lower rightin (F). A type 3b pattern is seen in layer V of the
cingulate cortex (CgV). Scale bar=500 pm in (D) for (A-C) and: for (E and F). (G-L) Changes in WfsT mRNA signals in the lateral septal nucleus (LS) during postnatal
development. Brain sections of PO, P4, P7, P14, P28, and of PBW mice are shown in panels (G); (H), (1), (J), (K),and (L), respectively. The bregma level of a PBW-mouse section is
represented at the lower right in (L). Note that Wfs1 mRNA signals in the type 1b pattern are weak or absent on PO, progressively increase from PO to P14, are moderate on P14,
and are of a relatively stable strength.from P14 to P8W. CPu, caudate putamen. Scale bar'= 500 wm in (J) for (G-1) and for (K and L).
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Fig. 3. (Continvied ).

the type 2a pattern was seen in- the lateral subdivision (7NL},
whereas the type 1b pattern: was. observed in  the = medial
subdivision (7NM) (Fig. 4G-L; Table '1). In type 2b, weak WfsI
mRNA signals were constantly seen at each of the postnatal stages.
This pattern was observed in the main olfactory bulb (MOB), the
accessory olfactory bulb (AOB), the supraoptic nucleus (SO), the
magnocellular part of the paraventricular hypothalamic nucleus
(PVNm), the inferior colliculus (IC), nucleus coeruleus. (LC), the
dorsal raphe nucleus, the median raphe nucleus; the. cochlear
nucleus (Co), the brainstem reticular formation; and-in the Purkinje
cell layer of the cerebellar cortex (Figs. 1 and 5A-F; Table 1).

In the type 3 pattern, Wfs1 mRNA signals peaked from P7 to P14.
Type 3 was also categorized into two subtypes (3a and 3b)
according to the strength of Wfs1 mRNA expression at its.peak. In
type 3a, moderate Wfs1 mRNA signals were seen from P7 to P14,
while weak signals were observed at both P0-P4:and P28-early
adulthood (P8W). This pattern. was observed in the thalamic
reticular nucleus (Rt) (Figs. 1, 5G-L; Table 1). In type 3b, weak Wfs1
mRNA signals were seen from P7 to P14. This pattern was observed
in layer V of the cerebral cortices; the motor (MoCV), somatosen-
sory (SoCV), auditory (AuCV), visual (ViCV), cingulate (CgV), and
retrosplenial (RSCV) cortices (Figs: 1, 3A~F; Table 1). It was also
seen in layer I of the retrosplenial cortex (RSCII) (Table 1).

3.2. Strong Wfs1 mRNA expression in the CA1 field, parasubiculum
(PaS), and entorhinal cortex in early adulthood

As described in the preceding section, the most intense Wfs1
mRNA signals were observed in the CA1 field, the PaS, and in the
entorhinal cortex (MEA and LEA) from P14 to early adulthood
(P8W). To examine cell-specific WfsT mRNA expression, we made
a detailed analysis of the distribution of Wfs7 mRNA signals in
these cortical areas of the young-adult mouse (P8W) as a
preliminary account of a future analysis of the entire mouse

brain structure, Because definitions of areal demarcation and
laminar classification are necessary for the interpretation of the
experimental results, we will briefly describe our criteria for
determining the border of the cortical area and those of the
cortical layer before describing the distribution of Wfs1 mRNA
signals. In addition, a description of the pertinent cytoarchitec-
tonic features of each cortical ‘area is accompanied by a
description of the distribution of Wfs1 mRNA signals. To represent
the distribution of Wfs1 mRNA signals, we show side by side the
features of - the distribution and Nissl-stained sections that
correspond to the distribution in the figures.

3.2.1. CAI field

3.2.1.1. Cytoarchitecture. Areal demarcation was based on Witter
and Amaral (2004). According to the size of pyramidal cells in the
hippocampus proper; the CAT field was defined as a smali-celled
distal (closer to the subiculum) region, while the CA2 and CA3
fields were characterized as large-celled proximal (closer to the
dentate gyrus) region. In the CA3 field, small Nissl-stained cells
were scattered:-above the pyramidal cell layer (arrows in Fig. 6B),
however a few of these cells were seen in the CA1 and CA2 fields
(Fig. 6B}

3.2.1.2." Wfs1 mRNA signals. Wfs1 mRNA signals were observed in
the pyramidal cell layer. These signals were confined to the CAl
field. Strong signals were observed: in the rostro-medial (septal)
part of the CA1 field (Fig. 6A), while weak-to-moderate signals
were seen in the caudo-lateral (temporal) part (data not shown). In
the rostral part of the CAt field, there was a tendency. for Wfs1
mRNA signals to be stronger in the medial part than in the lateral
part (Fig. 6A). In addition to the pyramidal cell layer, weakly-to-
moderately WfsT mRNA-hybridized neurons were seen in strata
radiatum and oriens (arrows in Fig. 6A and C).



