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showed that the hemoglobin level and platelet count were
decreased to 6.4g/dL and 82,000/uL, respectively. An
abdominal computed tomography (CT) scan showed
hepatomegaly with a heterogeneous low density area
expanding from the medial segment to the right lobe of
the liver, and the leakage of contrast material into
parenchyma during the arterial phase, suggesting the
diagnosis of liver hemorrhage (Fig. 2a). There was little
intraperitoneal bleeding. With rapid transfusion of red
cells, a hepatic angiogram was performed via the
common hepatic artery. Because active bleeding was
observed within liver parenchyma (Fig. 2b), obstructing

material (Gelpart® Molecular Devices, Nippon Kayaku
Co. Ltd., Tokyo, Japan) was injected into the anterior
and posterior branches of the hepatic artery to control
active bleeding. Despite these treatments, hemoglobin
levels gradually decreased from 11.1 to 3.8 g/dL 8 h after
the obstruction therapy. The abdomen was further
distended and pitting edema appeared in the lower body.
Repeated abdominal CT showed massive intraperitoneal
bleeding compared with that of the previous day, and a
narrowed inferior vena cava caused by hepatic
enlargement was detected. He died 4 days after the onset
of acute hepatic hemorrhage. The autopsy indicated

Fig. 2. Radiological and pathological findings of periosis hepatis. (a) Contrast abdominal CT shows hepatomegaly and a heterogeneous low density area
extending from the medial segment to the right lobe of the liver. Contrast dye had leaked into the parenchyma (arrow) during the arterial phase. (b) A
hepatic angiogram shows a number of retained contrast agents and some active bleeding (arrow) within liver parenchyma. (c and d) Autopsy findings show
expansive intraperitoneal bleeding caused by rupture at the right hepatic capsule, and multiple variable-sized cystic blood-filled spaces were found in a
section of the liver. (¢) Multiple blood-filled spaces within the liver parenchyma can be seen (H & E). (f) Immunohistochemically. the inner surface of the
blood-filled space is devoid of CD31-positive endothelial lining in contrast to the sinusoidal endothelia.
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expansive intraperitoneal bleeding caused by rupture of the
right hepatic capsule (Fig. 2c). Multiple variable-sized
cystic blood-filled spaces and hemorrhagic necrosis were
found in the liver (Fig. 2d). Histopathologically, the liver
contained multiple blood-filled spaces (Fig. 2e) that were
devoid of CD31-positive endothelial lining (Fig. 2f),
which was compatible with peliosis hepatis.

3. Discussion

Peliosis hepatis is a rare fatal disorder with a number of
causes, and is defined as multiple, variable-sized, cystic,
blood-filled spaces through the liver parenchyma, in
which spaces are not covered by endothelium of blood
vessels histopathologically [9]. Peliosis hepatis has mostly
been reported in adu}t~ pa’tienfts ass
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transplantation, and arterial embolization [16,20].
However, once hepatic hemorrhage from peliosis hepatis
occurs, it is usually difficult to control bleeding, as
observed in our patient. Therefore, reducing the incidence
and prompt recognition of hepatic hemorrhage are
mandatory for XLMTM patients.

The diagnosis of peliosis hepatis is difficult and often
missed or delayed because of the atypical findings on
standard radiological tests, A previous report indicated
that ultrasonic examination is useful to detect abnormal
findings according to various liver conditions, and can
show perinodular and intranodular vascularity in patients
with peliosis hepatis [21]. Other imaging systems,
including CT., magnetic resonance imaging, and
angiography can also be helpful for diagnosis of peliosis
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Table 1
Summary of peliosis hepatis in XLMTM paucms
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i Sy Severe o ‘Qormai epat Autospy  Deceased
Al 4y Severe Normal Autospy  Deceased
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57 Sy Severe Un-documented Hepatic Yes ) Fever Autospy  Deceased
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patient) hemorrhage

PH: peliosis hepatis, URI: upper respiratory infection, CT computed tomography.
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manifestations of a blockade of liver blood outflow, but the
elevation in inferior vena cava pressure caused by a sharp
rise in intrapleural pressure using MI-E might have been
a potential cause of peliosis hepatis.

In conclusion, peliosis hepatis is a rare but important
fatal complication that may occur more often once
genetic or other therapies for XLMTM become available
with a resulting increase in life expectancy. To avoid fatal
hepatic hemorrhage from peliosis hepatis, routine liver
function tests and abdominal imaging studies are
recommended for all XLMTM patients. In addition, it
might be necessary to carefully check liver imaging tests,
especially at the time of using mechanical ventilation.
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Abstract

Alpha-dystroglycanopathy is caused by the glycosylation defects of a-dystroglycan (2-DG). The clinical spectrum ranges from severe
congenital muscular dystrophy (CMD) to later-onset limb girdle muscular dystrophy (LGMD). Among all a-dystroglycanopathies,
LGMD type 21 caused by FKRP mutations is most commonly seen in Europe but appears to be rare in Asia. We screened
uncategorized 40 LGMD and 10 CMD patients by immunohistochemistry for »-DG and found 7 with reduced -DG
immunostaining. Immunoblotting with laminin overlay assay confirmed the impaired glycosylation of ¥-DG. Among them, five
LGMD patients harbored FKRP mutations leading to the diagnosis of LGMD2I. One common mutation. c.948delC. was identified
and cardiomyopathy was found to be very common in our cohort. Muscle images showed severe involvement of gluteal muscles and
posterior compartment at both thigh and calf levels, which is helpful for the differential diagnosis. Due to the higher frequency of

LGMD2!I with cardiomyopathy in our series. the early introduction of mutation analysis of FKRP in undiagnosed Taiwanese
LGMD patients is highly recommended.

© 2013 Published by Elsevier B.V.

Keywords: Alpha-dystroglycan: Alpha-dystroglycunopathy: Limb-girdle muscular dystrophy tyvpe 2I: FKRP: Dilated cardiomyopathy: Glycosylation
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1. Introduction phenotypes form a broad spectrum. ranging from severe

congenital muscular dystrophy (CMD) with or without
ocular and central nervous system involvement to
later-onset limb girdle muscular dystrophy (LGMD} [3-5].

A number of genes have been reported to cause
y-dystroglycanopathy. including POMTI, POMT2,
POMGnTI, FKTN. FKRP. and LARGE that are known
to be involved in glycosylation of %-DG. and DAGI,

Alpha-dystroglycanopathy is a group of muscular
dystrophies caused by altered glycosylation of
a-dystroglycan (#-DG). which is one of the components
of dystrophin-glycoprotein complex [1.2]. The clinical
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which encodes DG itself [6-11). Recently, the number of
genes associated with w-dystroglycanopathy has been
increasing to include ISPD. TMEAMS. GTDC2. B3GNTI.
DOLK. DPM2? and DPM3 [12-19]. Patients with all
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kinds of wa-dystroglycanopathy are
autosomal recessive trait.

Among those causative genes for 2-dystroglycanopathy,
FKRP mutations are the most frequently seen in the
Caucasian population, causing LGMD21 and congenital
muscular dystrophy type 1C (MDCIC). In the Asian
population, on the other hand, the most common
a-dystroglycanopathy is Fukuyaina congenital muscular
dystrophy and LGMD2M caused by the mutations in
FKTN [20-24}. This phenomenon may be caused by the
founder effect of ¢.826C>A substitution in FKRP and the
ancestral insertion of a SINE-VNTR-Alu (SVA)
retrotransposon in FKTN in different geographic areas
[21,25]. Recently. an increasing number of patients
having FKTN mutations were identified outside Asia but
so far few Asian patients with LGMD2I caused by
FKRP mutations have been reported [26-29].

In this study, we found that LGMD2I is common in the
Taiwanese patients with a-dystroglycanopathy due to a
common mutation, ¢.948delC (p.Cys317Alafsx111), which
may cause more severe phenotype and cardiomyopathy.

inherited with

2. Materials and methods

2.1. Patients

Forty patients clinically and pathologically diagnosed as
LGMD and 10 patients with CMD who received muscle
biopsy in Kaohsiung Medical University Hospital from
~ January, 2008 to December, 2011 were enrolled. LGMD
was defined as progressive proximal-dominant muscle
weakness with characteristic dystrophic.changes in muscle
pathology. CMD was recognized as infantile floppiness
with dystrophic muscle. Patients with deficiencies of
dystrophin, sarcoglycans. dysferlin, merosin or collagen
VI were excluded by immunohistochemistry beforehand.
All merosin deficiency patients were confirmed to have
LAMA2 mutations [30]. This study was approved by the
institutional review board of the Kaohsiung Medical
University Hospital.

2.2. Histochemistry

Biopsied muscle specimens were frozen in isopentane
cooled in liquid nitrogen. A serial f{rozen section
was stained by a battery of histochemical methods
including hematoxylin and eosin (H&E), modified
Gomori-trichrome  {(mGt) and NADH-tetrazolium
reductase (NADH-TR).

2.3. Immunohistochemistry

Frozen sections of 6pum thickness were used for
immunohistochemistry  according to the standard
protocols with Vantana Benchmark automated stainer.
Primary antibodies used in this study were monoclonal
anti-o-DG (VIA4-1: Upstate Biotechnology, Lake Placid,
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NY. USA) and anti-3-DG (43DAG1/8D5: Novocastra
Laboratories. Newcastle upon Tyne, UK) antibodies.

2.4. Immunoblotiing and laminin overlay assay

The detailed techniques of immunoblotting, and laminin
overlay assay have been described previously [31]. The
following antibodies were used for immunoblotting
analysis: monoclonal anti-x-DG (VIA4-1) and polyclonal
anti-o-DG (GT20ADG, kindly provided by Prof. K.
Campbell, Iowa Univ.). polyclonal anti-laminin-1 (Sigma,
St. Louis, MO. USA)., and monoclonal anti-B-DG
(43DAG1/8D5).

2.5. Muztation analyses of »-DGP associated genes

Genomic DNA was extracted from leukocytes in
peripheral blood lymphocytes according fo standard
protocols. All exons and their flanking intronic regions of
FKRP (NM_024301.4), FKTN (NM_001079802.1),
POMGnTI (NM_001243766.1), POMTI (NM_007171.3),
POMT2 (NM_013382.5). and LARGE (NM_004737.4)
were amplified and sequenced using an automated 3100
DNA sequencer (Applied Biosystems, Foster, CA, USA).
Primer sequences are available upon request. DNA

samples from 100 Taiwanese individuals without
apparent neuromuscular disorders were analyzed as
controls.
3. Results

3.1. Patients with »-DGP caused by FKRP mutations

Seven of 50 patients with unclassified LGMD and CMD
had . a reduced DG immunoreaction  using
VIA4-lantibody. which recognizes glycosylated forms of
3-DG on muscles. and they were thus considered 1o have
y-dystroglycanopathy (Fig. 1). Among these seven
patients. six had LGMD phenotype and one was CMD.
Mutation screening revealed that five LGMD patients
from four families harbored FKRP mutations (Fig. 2).
No mutation in FKTN, POMGnTI, POMTI, POMT2
and LARGE was identified in these seven patients. The
clinical, pathological and biochemical information of all
five patients with FKRP mutations are summarized in
Table 1 together with that of a previously reported
Taiwanese LGMD?21 patient who was the first reported
case in East-Asia (Patient 6) [26]. The ¢.948delC
(p.Cys317Alafsx111) mutation was found heterozygously
in four newly diagnosed patients (Patients 2, 3, 4 and 5)
as well as in Patient 6. Patients 2, 3, and 4 carried a
c.545A>G  (p.TyrY182Cys) mutation, which was
previously reported in two Brazilian patients, and a
c.823C>T (p.Arg275Cys) mutation was identified in
Patients 5 and 6. The compound heterozygous mutations
for Patients 2, 5. and 6 were also found to lie on different
parental alleles. Patient 1 bears two different novel
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Fig. 1. Immunohistochemistry for -DG (VIA4-1) in Patients 1. 2. 4. 3. and 6 (A-E). All patients” muscle samples showed markedly reduced staining, as

compared with controls (F). Bar: 50 pum.
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Fig. 2. Sequence analysis of FARP revealed homozygous ¢.263A>T and ¢.560C>G mutations in Patient 1 {A). compound heterozygous c.545A>G and
¢.948delC mutations in Patients 2. 3. and 4 (B). and compound heterozygous ¢.823C> T and ¢.948delC mutations in Patients 5 and 6 (C). The pedigree of
Patient 1 is also shown: the youngest brother of Patient | died of unknown causes at 7 months of age (A}

homozygous mutations. ¢.263A>T (p.Try88Phe) and
¢.560C>G (p.Alal87Gly). neither of which were identified
in the human genome mutation database (HGMD) and
100 healthy individuals. The consanguineous healthy
parents of Patient 1 carried these two missense
mutations, heterozygously.

3.2, Reduced glycosyiation of 2-DG in LGMD2I patients

We further confirmed the altered glycosylation of
%-DG in our LGMD21 patients (P2, 4, 5 and 6} using
immunoblotting analysis and laminin overlay assay. On
immunoblotting analysis using VIA4-1 antibody, skeletal
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Table 1 .
Summary of clinical, pathological, biochemical and molecular analyses for the patients with a-dystroglycanopathy.
P1 P2 P3* p4 PS5 peP
Sex/age (years) F/35 M/16 M/31 M/30 M/10 F/23
Age of onset (years) 2 5 10 17 2 2
Calf hypertrophy Y Y Y Y Y Y
Cardiomyopathy (age of Y (28) Y (14) Y (31) Y (30) N Y (17)
diagnosis, years) DCM DCM DCM DCM DCM
Loss of ambulatory ability N Y Y (29) N N Y (12)
(age, years) 6-min walk: 6-min walk: G-min walk: not  6-min walk:
76 m 2 343m done 210m
Cognition Normal Normal Normal Normal Normal Normal
Brain MRI: negative
finding
Other anomalies Over-active N N N N Scoliosis with op
bladder
CK (JU/L) 1000-1500 4000-8000 1500-2000 1500-2000 6000-9000 200-500
max: unknown max:>10,000 max: max: unknown max: >10.000
unknown
Lung function FVC: 32% EVC: 45% FVC: 43% FVC: 62% FVC: 64% FVC: 10%
FEVI: 33% FEVI1: 53% FEVI1: 36%  FEVIL: 73% FEVI1: 76% FEVI: 12%
PCF: 2.12L/s PCF: 691 L/s PCF: PCF:3.7L/s PCF: 4.64 L/s PCF:0.421/s
‘ 3.46L/s BiPAP use at night
FKRP mutations c.263A>T c.545A>G (F. c.545A>G c.545A>G ¢.823C>T (M. ¢.823C>T (F. hetero)
homo hetero) ¢.948delC ¢.948delC hetero) ¢.948delC (M.
(F & M, hetero)  ¢.948delC (M, ¢.948delC (F, hetero)
¢.560C>G hetero) hetero)
homo

(F & M. hetero)

Y: yes: N: nil; DCM: dilated cardiomyopathy; min: minute; m: meter: op: operation: max: maximum; F: Father: M: Mother.
# Siblings.

b Previously reported (Reference [21]).

muscles from all four patients showed fainter and smaller  3.3. Clinical findings of LGMD2I patients ( Table 1)

sized bands than the control (Fig. 3A). With GT20ADG

antibody for the core region of a-DG, all skeletal muscles The mean age of all 6 LGMD2I patients at examination
from these patients showed fainter broadbands with  was 24.2 £ 9.7 years, and the mean disease duration was
smaller molecular mass than that detected in the control 17.8 £ 9.1 years. The disease onset was variable, ranging
(Fig. 3B). Laminin overlay assay displayed greatly  from early childhood to late teens (2-17 years: 6.3 £ 6.1).
reduced binding ability of %-DG to laminin in all patients  All patients had calf hypertrophy and proximal dominant

(Fig. 3C). muscle weakness, starting from lower extremities and
A VIA4-1 B GT20ADG C Laminin overlay
C P2 P4 P5 P6 C P2 P4 P5 P C P2 P4 P5 P6
kD kDa :
200 200-
116 116-
97 97 -
66 66- -
45 - 45 -

B-DG ¢

Fig. 3. Immunoblotting analysis. All 4 patiénts (P2, P4, P5 and PG) examined showed fainter and smaller sized bands than controls using x-DG (VIA4-1)
{A). With the antibody of GT20ADG. fainter broadbands with smaller molecular weights were detected (B). Laminin overlay assay displayed greatly
reduced binding ability of 3-DG to laminin in all patients (C).
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then extending to shoulder girdle and arms. Patient 2
became wheelchair-bound at the age of 29 years while
Patient 6 lost her ambulatory ability at 14 vears of age.
Dilated cardiomyopathy (DCM) was seen in five of six
patients (83.3%) and they are currently under medication.
DCM was diagnosed with echocardiogram in Patients 2,
3, and 4 at their first visit to our hospital. so that the
exact onset age of cardiac involvement was unclear. All
patients had impaired pulmonary function with different
degrees of severity but only Patient 6 required ventilator
assistance (1 in 6; 16.7%). Al patients had normal
cognitive functions and the brain MRI of Patient 6
showed no notable abnormal changes. As for other
abnormalities, only Patient 6 received an operation for
scoliosis at 13 years of age. Serum creatine kinase levels
were usually up to 10,000 IU/L at disease onset and then
declined to hundreds at a later stage.

3.4. Muscle CT of LGMD2I putients

On muscle CT, all assessed patients (Patients 1-5)
showed similar patterns of muscle involvement (Fig. 4)
Lower extremities were more severely affected than upper
extremities. Gluteus maximus was the most affected
muscle (Fig. 4A), followed by posterior compartment of
thigh muscles, among which biceps femoris and then
adductors showed marked hypodensity (Fig. 4B). In the
anterior compartment of thigh, vastus muscles and rectus
femoris were equally involved. At the calf level, posterior
compartment muscles, especially gastrocnemius and

soleus, were also more affected than anterior part
(Fig. 4C). As for upper extremities. involvement of
shoulder girdle muscles including subscapularis,
infraspinatus and supraspinatus was more prominent
than trapezium and deltoid muscles (Fig. 4D).

4. Discussion

Wide variability in clinical picture has been reported in
LGMD2I, of which the clinical features can be Duchenne
muscular dystrophy-like, late-onset LGMD phenotypic
and even asymptomatic [32,33]. In European countries,
homozygosity of the most common missense mutation of
¢.826C>A (p.Leu276lle) has been reported to confer a
relatively milder phenotype than patients with compound
heterozygous mutations [34]. A homozygous mutation of
c.545A>G identified in the Brazilian patients has
previously been reported to cause mild clinical
phenotypes and disease course [32]. In our series, Patients
2-4 harbor the same compound heterozygous mutations
of ¢.345A>G and c¢.948delC while Patients 5 and 6 both
carry the same ¢.823C>T and ¢.948delC mutations. The
patients carrying ¢.823C>T and ¢.948delC seem to show
more severe clinical features than the patients having
¢.545A>G and ¢.948delC in terms of the age at onset,
disease course, motor deterioration and complications.
Because only a limited number of patients were included.
however, additional patients with each mutation are
required to clarify the phenotype and genotype

correlation more clearly.

Fig. 4. Muscle CT on Patient 2. Glutens maximus fuscles were severely affected (A, followed by biceps femoris and adductors (B). At the calf level.
gastrocnemius and soleus muscles were severely involved (C). In the upper extremities. involvement of subscapularis. infraspiiatus and supraspinatus were
more severe than trapezium and deltoid (D). (D: deltoid: 1S: infraspinatus: SC: subscapularis; BF: biceps femoris: ST: semitendinosus: SM:
semimembranous; S: soleus; F: fibularis: G: gastrocnemius; GM: gluteus maximus: RF: rectus femoris: VL: vastus lateralis: AM: adductor magus: G:

gracilis).
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Noteworthily, ¢.948delC in FKRP is a common
mutation in Taiwanese LGMD21 patients. The mutation
could cause frame shift and premature termination in
translation (p.Cys317Alafsx111). We further screened 300
controls without neuromuscular diseases to determine the
carrier frequency of ¢.948delC but none carried this
mutation. This result suggests that the prevalence of the
homozygosity of ¢.948delC is at least lower than 1 in
360,000, which may be too low to identify a homozygous
patient. On the other hand, this result may also indicate
that the homozygosity of this frame shift mutation is too
severe to survive, since none of the homozygous null
mutations in FKRP has been reported to date and FKRP
knockout mice also showed embryonic lethality {35].

Interestingly, two different homozygous mutations,
¢.263A>T (p.Tyr88Phe) and c¢.560C>G (p.Alal87Gly).
were found in Patient I, but not in 100 controls. Her
parents were consanguineous ({cousins) and both
harbored these two mutations heterozygously. Compared
the amino acid sequences of the FKRP protein among
different species, p.Tyr88 is highly conserved in mammals
while p.Alal87 is preserved among primates and some
mammals, but not in rodents. Furthermore. predictions
of functional effects of these two variants using software
showed that p.Tyr88Phe change is probably damaging
but p.Alal87Gly is benign in terms of functional impact
(http://genetics.bwh.harvard.edu/pph2/index.shtml).
Accordingly, ¢.263A>T (p.Tyr88Phe) is more likely to be
pathogenic in Patient 1 although further functional
studies are still necessary.

In our cohort, cardiomyopathy accounted for 83% of
our patients, whereas about 10-55% of European
LGMD2I patients were - reported ‘to  have, cardxac
problems [36]. As for respiratory function, only one of
our patients (Patient 6) was ventﬂator—dependent at night
although the other five developed variable degrees of
respiratory nnpaxrmem However, the proportion of
respiratory aid requirement was slightly lower than other
reports [20, 36-38], probably because the assessment age
and disease duration of our panents were also lower.

Similar to prevxously reported LGMD’H pauents none of

anterior compartm
muscle mvolvemem was s"

by adductom and
may overlap wit g
especially LGMD2A {39], su s the early invol ,
of gluteal muscles and predominant involvement of
posterior compartment. -‘However, selective involvement
of medial gastrocnemius and soleus and relative sparing
of vastus lateralis are characteristic for LGMD2A
[12,21,40]. which suggests that muscle images are still
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helpful for a differential diagnosis. In addition, different
clinical phenotypes including commonly-seen calf
hypertrophy and cardiac involvement in LGMD2I and
the presence of characteristic lobulated fibers on muscle
pathology of LGMD?2A are also important to make the
differentiation. In our series, all patients showed calf
hypertrophy and 83% had cardiac problems; lobulated
fibers were not observed in skeletal muscle from any
patient and molecular analysis of CAPN3 revealed no
mutation.

LGMD2I is one of the most prevalent LGMD in
Europe but is very rare in Asia. Only one from Taiwan
(P6), two from China and another Asian patient from
North America have been reported on thus far [26-28].
Also in Japan, only one LGMD2I patient was identified
by the National Center of Neurology and Psychiatry,
which has the largest muscle repository in Japan.
Therefore, our report discloses that LGMD?21 is not rare
at least in Taiwan. Considering that the glycosylation
defect may be too mild to be detected by -
immunohistochemical screening, there must be more
LGMD2I patients who are as yet undiagnosed in
Taiwan. Larger scale mutation analysis for uncategorized
LGMD patients may be necessary for an early diagnosis
of LGMD2I to be made. One common mutation,
c.948delC, in the Taiwanese population may be
associated with higher frequency and early development
of cardiomyopathy although a larger number of patients
is required to make this conclusive. However, it is still
suggested that clinicians should closely monitor the
cardiac function of LGMD2I patients harboring this
mutation from late childhood ot their early teens.
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Abstract

A boy with congenital generalized lipodystrophy typé 4 with muscular dystrophy presented in infancy with delay in motor milestones
and a persistent elevation of CK. There was no associated mental retardation. He was followed up to 3 years and 11 months; he had a
homozygous ¢.696_697insC mutation in polymerase I and transcript release factor (PTRF). He started to walk at 2 years and 6 months
although he did not have mental retardation. Insulin resistance appeared at 3 years and 11 months of age. PTRF imnmmostaining
positivity was absent in the muscle but caveolin-3 was preserved in the sarcolemma at 16 months of age. Secondary deficiency of

caveolins may be closely associated with disease progression.
© 2013 Elsevier B.V. All rights reserved.

Keywords: PTRF: Generalized lipodystrophy: Muscular dystrophy; Insulin resistance; Muscle mounding

1. Introduction

Congenital generalized lipodystrophies are rare
autosomal recessive disorders that are characterized by
an almost total loss of subcutaneous adipose tissues from
birth, insulin resistance, diabetes, hypertriglyceridemia,
and hepatic steatosis [1,2]. Recently, we first described
muscular dystrophy with generalized lipodystrophy
caused by polymerase 1 and transcript release factor
(PTRF) mutations [3], and this disease was categorized as
congenital generalized lipodystrophy type 4 (CGL4)
(OMIM #613327). Patients with PTRF deficiency can
show various symptoms that include arrhythmia,
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atlantoaxial instability, and pyloric stenosis in addition to
manifestations of congenital generalized lipodystrophy
and muscular dystrophy [3-6].

Only a limited number of patients with this condition
have been reported. Therefore, the accumulation of
detailed clinical information, especially in early
childhood, is important to understand this disease and to
facilitate early diagnosis. Herein, we describe the detailed
clinical course of a 3-year-old Japanese boy with CGL4
with muscular dystrophy.

2. Case report

and 34 cm (0.3 SD), respectwely He oamed body weight
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slowly and weighed 4.5 kg at 4 months of age, upon which
he was diagnosed with hypothyroidism. An elevated serum
creatine kinase (CK) level (812 IU/L; normal <200} was
also noted. He received thyroid hormone therapy
consisting of 10 pg/day levothyroxine sodium hydrate.
The subcutaneous fat of his face began to decrease at
7 months of age. He was referred to our hospital at
11 months of age because of continuous elevation of
serum CK levels. Although he had head control at
4 months of age, he showed delayed motor miléstones.
He could crawl at 14 months and sit at 16 months of age.
He showed normal mental development and spoke
several meaningful words at 14 months of age.

At 16 months of age, his body height and weight were
78.5 cm (—0.1 SD) and 9.6 kg (—0.5 SD), respectively. He
had a saddle nose, prominent ears, curled hair, and mild
macroglossia. Loss of subcutaneous fat was marked on
his face and limbs, which exposed prominent blood
vessels in his extremities. His abdomen was distended
without evidence of hepatosplenomegaly or tumor. He
did not have hypertrophic tonsils or scoliosis and facial
muscle involvement or a high arched palate was not
observed. He had mild hypertrophic muscles, especially in
his extremities, and mild. proximal muscle weakness was
seen with normal deep tendon reflexes. He could crawl
and stand with support. Although he demonstrated
percussion-induced muscle mounding, he did not
demonstrate the rippling phenomenon.

His serum CK level had increased to 2293 IU/L, but his
serum immunoglobulin level was normal. Chest
radiography, electrocardiography, cardiac
echocardiography, and bone radiography showed normal
findings. A muscle computed tomography (CT) showed
decreased subcutaneous adipose tissue and hypertrophic
muscles with normal intensity (Fig. 1A).

A muscle biopsy taken from his left biceps brachii
showed dystrophic changes including variation in fiber
size and scattered necrotic and regenerating- fibers
(Fig. 2A and B). Immunohistochemistry for PTRF was
negative in both the sarcolemma of the muscle fibers and
blood vessels (Fig. 2C). The caveolin-3 stain was slightly
irregular but well preserved (Fig. 2D), whereas the
immunoreactions of caveolins-1 and -2 were barely
detectable in the blood vessels (data not shown).
Antibodies for dystrophin and other major proteins

Fig. 1. Comput

2 years and 10 months (B) of age. The thigh muscles shovs ed hypertrophy

without abnormal intensity. Note the progressive loss of subcutaneous
adipose tissues.
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associated with muscular dystrophies showed normal
staining (data not shown). Genetic analysis revealed a
homozygous mutation of ¢.696 697insC in the PTRF
gene, which is a common mutation in Japanese CGLA4
patients [3]. This mutation resulted in substitution of the
last 158 amino acids with an unrelated 191-amino acid
sequence; moreover, the mutant protein was mislocalized,
as shown by a previous in vitro experiment [3).

He started to walk without support at 2years and
6 months of age and he could speak 2-word sentences. At
the age of 2 years and 10 months, his body height and
weight were 92.7cm (4+0.2 SD) and 13.2kg (—0.1 SD),
respectively (Table 1). He could run and climb stairs
slowly, but he could not jump. The Gowers’ sign was
negative. The endocrinological examination results at that
time were as follows: total cholesterol (T-cho), 213

- (140-220) IU/L; triglyceride (TG), 309 (30-150) mg/dL;

high-density lipopolysaccharide cholesterol (HDL-C), 27
(40-76) mg/dL; low-density lipopolysaccharide cholesterol
(LDL-C), 125 (70-139)mg/dL; glucose, 98 mg/dL;
HbAlc, 5.1 (3.8-5.5)%; insulin, 1.5 (5.0-20.0) pU/mL;
{T4, 1.42 (0.97-1.80) ng/dL; T3, 4.36 (2.73-4.50) pg/mL;
and thyroid-stimulating hormone, 4.560 (0.300-
3.000) puU/mL. The oral glucose tolerance test showed a
normal reaction and his blood sugar level was 123 mg/
mL 2h after administration. The calculated insulin
resistance index (HOMA-R) was 1.24 (<1.6). Serum
adiponectin, total PAI-1, and leptin levels were 1.2
(>4.0) pg/mL, 23 (<50) ng/mL, and 1.9 (male: 0.9-13.0,
female: 2.5-21.8) ng/mL, respectively.

At 3 years and 11 months of age, his body height and
weight were 99.2cm (—0.1 SD) and 15.3kg (0.1 SD),
respectively. The endocrinological examination results at
that time were as follows: T-cho, 154 TU/L; TG, 6380 mg/
dL; HDL-C, 20 mg/dL LDL-C, 57mg/dL; glucose,
98 mg/dL; HbAlc, 5.0%; and insulin, 12.3 pU/mL. His
HOMA-R was increased to 2.98. Serum adiponectin,
total PAI-1, and leptin levels were 1.1 pg/mL, 96 ng/mL,
and 1.6 ng/mL, respectively. His body fat percentage was

12.2% according to dual energy X-ray absorptiometry
(DEXA) measurement.

3. Discussion

We previously reported that the clinical features
observed in patients with PTRF mutations were closely
associated with a secondary deficiency of caveolin [3].

In various types of congenital —generalized
lipodystrophy, body fat loss and insulin resistance are
usually noticed at birth. In CGL4, however, the loss of
adipose tissue in the face is observed after several months
of age and insulin resistance appears from early
childhood [3-6]. The boy described herein showed
decreased subcutaneous fat in his face at 7 months of
age. Lipodystrophy was progressive, and loss of adipose
tissue in the lower legs became more apparent with age.
This finding was confirmed by CT images. Metabolic
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Fig. 2. The biceps brachii muscle showed moderate variation in fiber size. a few necrotic fibers. and increased endomysial and perir

isial fibrosis (A, B).

Negative immunoreactivity for PTRF (C) but almost normal caveolin-3 levels was observed (D). A: hematoxylin and eosin stain. B: NADH- tetrazolivm
reductase stain, C. B: PTRF immunohistochemistry. D, F: caveolin-3 immunohistochemistry. E. F: control muscle. Scale bar: 50 pm.

abnormalities were also progressive. Although he did not
have insulin resistance at 2 yvears and 10 months of age.
he already showed high levels of T-cho and TG. He
demonstrated insulin resistance at 3 years and 11 months.
PTRF is an essential component for the stabilization of
caveolae. PTRF-deficient mice do not have detectable
caveolae and show decreased insulin receptor levels in fat
tissue {10} Similarly. caveolin-1-deficient mice that show
loss of caveolae have been reperted to show insulin
resistance due to decreased insulin receptor levels in
adipose tissues [7-9] This and a previous report [3]
have shown that caveolin-l and caveolin-2 levels
greatly reduced in the intramuscular blood vessels from
PTRF-deficient patients. Lipodvstrophv and insulin
resistance can be closely associated with secondary
deficiency of caveolins. '
This boy had delaved motor milestones associated with
dystrophic changes in his muscles.

Interestingly. -

sarcolemmal caveolin-3 staining was well preserved n
this patient compared to previously reported results in
older patients. although his immunoreactivity for PTRF
was defective. In the case of a 3-vear-old Japanese girl
who did not show muscle weakness accompanied by high
serum levels of CK {51 caveolin-3 immunoreactivity was
well preserved despite negative reactivity of PTRF.
Secondary reduction of caveolin-3 may progress with age
or disease progression [3% and further
necessary to confirm this.

Percussion-induced muscle mounding is a characteristic
finding in patients with PTRF deficiency as well as in some
patients with caveolin-3 deficiency. Although the detailed
mechanism involved in muscle mounding remains to be
clucidated. it may be closely related to deficiencies of
both caveolin-3 and PTRF.

CGL4 with muscular dystrophy is a progressive
disorder. and cardiac problems. including arrhythmia.

studies are
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Table 1
Clinical and biological summary. ]
Age Height ~ Weight  Clinical and biological CK T-Cho (140- TG (30- Adiponectin Leptin (0.9~
(SDY {SD) signs {normal < 200 1U/ 220 TUG/L) 150mg/dL)  (>4.0 pg/mlL) 13.0 ng/mL)
L)
Birth 47.0em 3.1kg  Normal amount of ND ND ND ~ ND ND
(-1.0y  (~0.23)  subcutancous fat
im 390em 45kg  Headcontrol (%), 812 ND ND ND ND
(—=2.3) (—=2.9}  hypothyroidism
7m 66.4cm  38kg  Deceased subcuianeous 1779 ND ND ND ND
(=1.2)  {(=2.7)y fat on his face ) '
14m 76.2cm  8.6kg Crawl (). stand with 1973 ND ND ND ND
(~0.3) (—=1.2) support {+), meaningful
‘words ()
16m 785cm  9.6kg Sit alone {+). loss of 2293 232 ND ND ND
{(-0.1) (=0.5)  subecutaneous fat on his '
- face and extremities
2y 6m 88.0cm  12.9kg  Walk alone (+), 2-word XD - ND ND ND ND
(—0.5) {+0.2) sentences (+)
2y 10m 92 7cem  13.2kg  Run (+), jump (=) 1715 213 309 1.2 1.9
(+0.2) (—-0.1} normal glucose tolerance
and no insulin resistance,
low level of adipokines
3y llm 992cm  15.3kg Insulin resistance (+) 1777 154 680 1.1 1.6
(—=0.1) (-0.1)

ND: not done.

supraventricular. and ventricular tachycardia, may develop
after 8~10 years of age [3,4,6] Careful follow-up is
necessary for a better prognosis.
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Transcription factor Hesr family genes are important in
neuronal development. We demonstrated previously that
HESR1 and HESRZ modified expression of the dopamine
transporter (DAT) reporter gene. HESR-family genes have
been investigated in development, but their functions,
especially in relation to behaviors regulated by dopamine,
in adult animals remain unclear. In the present study, we
investigated the effects of Hesr1 and Hesr2 on behavior.
A behavioral test battery to examine spontaneous activity,
anxiety-like behavior, aggressive behavior, pain sensitivity,
and sensorimotor gating was conducted in Hesr1 and
Hesr2 knockout (KO) mice. Enhanced prepulse inhibition
(PPl), which is a form of sensorimotor gating, was
observed in only Hesr1 KO mice; other behavioral traits
were mostly comparable to wild-type animals in both the
Hesr1 and the Hesr2 KO lines. Next, we used a dopamine
agonist, apomorphine, to confirm the involvement of the
dopaminergic system. injection of apomorphine
reduced the enhanced PPI in Hesr1 KO mice. Addition-
ally, dose-dependent sensitivity to the agonist was
lower in the Hesr1 KO mice than in wild-type mice, sug-
gesting that the enhanced PPI resulted from this altera-
tion in dopamine sensitivity. Furthermore, DAT mRNA
was downregulated in Hesr1 KO mice, whereas the
dopamine D1 and D2 receptors were comparable.
These findings suggest Hesr1l to be a novel factor
that affects dopamine sensitivity and the sensorimotor
gating system. ©2013 Witey Periodicals, Inc.

Key words: Hesr1; Hesr2; dopamine transporter; dopa-
mine receptor; apomorphine

The Hesr (hairy/enhancer of split-related transcrip-
tional factor with YRPW motif)-family genes Hesrl, —2,
and —3 (Heyl, Hey2, and Heyl) were identified as
hairy/enhancer split-type basic helix-loop-helix (bHLH)

© 2013 Wiley Periodicals, Inc.

genes and have been shown to be direct transcriptional
targets of the Notch signaling pathway, which is essential
for neural development (Kokubo et al., 1999; Leimeister
et al., 1999; Nakagawa et al., 1999; Henderson et al.,
2001; Iso et al,, 2001, 2003; Wang et al., 2002; Sakamoto
et al., 2003). Recently, it was also reported that HESR 1
was upregulated in cell lines derived from patients with
autism-spectrum disorder, thought to be a neurodevelop-
mental disorder (Seno et al., 2011). Furthermore, HESR 1
mediates activation of p53 (Villaronga et al., 2010), which
has been reported to be a schizophrenia susceptibility
gene (Allen et al, 2008). Thus, HESRs seem to be
important for not only normal development but also psy-
chiatric and neurodevelopmental disorders. However,
their functions, especially related to behavior in adults,
remain unclear.

We previously identified and characterized HESR1
as a trans-acting repressor of gene expression that binds to
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the 3'-untranslated region (UTR) of the dopamine trans-
porter (DAT) gene (Fuke et al,, 2005, 2006). We also
demonstrated that not only HESR1 but also HESR2
reduced DAT reporter gene expression, which contains
the human DAT 3-UTR (Kanno and Ishiura, 2011).
The dopaminergic nervous system plays important roles
in locomotion, cognition, reward, emotion, and hormone
release (Jackson and Westlinddanielsson, 1994; Missale
et al., 1998; Bannon et al., 2001; Uhl, 2003). Polymoz-
phisms in dopamine-related genes, such as those responsi-
ble for the expression of dopamine receptors, tyrosine
hydroxylase (TH), and the human dopamine transporter
(DAT1, SLC6A3), have been reported to be associated
with human neuropsychiatric disorders and behavior
(D’Souza and Craig, 2008). For example, the 3'-UTR of
exon 15 in DAT1 contains a 40-bp-long variable number
of tandem repeats (VNTR; Vandenbergh et al; 1992;
Michelhaugh et al., 2001). This VNTR. polymorphism is
known to be associated with neuropsychiatric disorders
such as attention-deficit hyperactivity disorder (ADHD),
Parkinson’s disease (PD), alcoholism, and drug abuse
(Cook et al,, 1995; Ueno et al., 1999; Vandenbergh et al.,
2000; Ueno, 2003; D’Souza and Craig, 2008). It is
involved in modified gene expression both in vivo (Heinz
et al., 2000; Jacobsen et al, 2000; Mill et al., 2002;
D’Souza and Craig, 2008) and in mammalian cell lines
(Fuke et al., 2001, 2005; Inoue-Murayama et al., 2002;
Miller and Madras, 2002; Greenwood and Kelsoe, 2003;
Mill et al., 2005; VanNess et al.,, 2005; D’Souza and
Craig, 2008). Thus, the relationship between HESRs and
the dopaminergic system seems worthy of discussion.

The: present study seeks to clarify the behavioral
function(s) of Hesrl and Hesr2. We first examined altered
behavior in knockout (KO) mice compared with their
wild-type counterparts using a series of behavioral tests.
Furthermore, dopamine-related gene expression in the
brains of KO mice was analyzed. Finally, we used a dopa-
mine agonist to confirm functional alteration of the dopa-
minergic system in the KO mice.

MATERIALS AND METHODS
General Procedures .

Hesrl KO and Hesr2 KO mice were subjected to a
behavioral test battery to determine their functions. Addition-
ally, real-time quantitative PCR analyses and Western blotting
were performed to quantify the expression of dopamine-related
genes in the KO mice: DAT, TH (a marker of dopaminergic
neurons), and dopamine D1 (D1) and D2 receptors (D2).
Involvement of the dopaminergic system was also investigated
pharmacologically in terms of behaviors for which scores in the
battery were statistically different from those of wild-type mice.

S

Animals

Male Hesrl and Hesr2 KO mice and each littermate wild-
type strain with C57BL/129Svj backgrounds (Kokubo et al,
2005) were used. Their ages were 8 to 16 weeks when the
behavioral test began. All animals were housed in standard mouse
cages with free access to food and water at the National Institute

of Genetics (NIG) under a 12/12-hr light/dark cycle (lights on
from 06:00 to 18:00 hr) in a temperature-controlled room
(23°C £ 2°C). The mice were housed with their littermates
before the tests and singly during the tests. All behavioral assays
were conducted during the light period. Mice were maintained
according to NIG guidelines. All procedures were approved by
the Institutional Committee for Animal Care and Use.

Behavioral Test Battery

A series of behavioral tests comprising 10 kinds of observa-
tions were conducted in a previously determined order (Table I).
This battery was composed of behavioral tests for mainly the
measurement of spontaneous activity, emotionality including
anxiety and aggressiveness, and sensorimotor gating, in addition
to those for motor control and nociception. The body weight of
each mouse was measured after the open field test. The number
of animals used is indicated in the Table I footnote.

Novel Cage Test

Individual spontaneous activity was recorded for 1 hr
with an infrared sensor (Activity Sensor; Ohara Co. Ltd.,
Tokyo, Japan) immediately after each mouse had been trans-
ferred to the novel home cage (novel surroundings). This sensor
was located above the lid (made from stainless-steel wire) of
each cage. The sensor records the motion of the mouse inside
the home cage as counts by the sensor (Nishi et al., 2010).
With this apparatus, many kinds of activity, such as horizontal
locomotion, climbing the cage lid, hanging on the lid, and
jumping, could be detected and were taken to represent the
total activity. The activity of each 1-min bin was measured as

accumulated counts if the animal was active in any area of the
cage.

Home Cage Test

Using the same system as that in the novel cage test
described above, spontaneous activity was recorded in the same
cages directly after the novel cage test. The activity in each
1-min bin was measured as accumulated counts if the animal
was active in any area of the cage. The activity counts over 72
hr were summed, and the total activity scores were the average
counts for a 1-day period over 3 days. Total activity was
divided into two components, active time and average activity.
Active time was calculated as the total number of minutes in
which the mouse accumulated more than one count within a
1-min interval. Thus, the active time estimated the approximate
duration of movement. Average activity, which was an index
of the intensity of activity, was calculated using the following
formula: average activity = total activity/active time. The aver-
age activity reflected the average amount of locomotion in 1
min of active time.

Open Field Test

Anxiety-like behaviors were assessed by open field tests
(“total time in center area” in Table I) as well as spontaneous
activity (“total distance”), similar to our previous reports (Takaha-
shi et al., 2006, 2008). The open field used consisted of a square
arena (60 X 60 X 40 cm) made of a white polyvinylchloride
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Fig. 1. Enhanced prepulse inhibition in Hesrl KO mice. Values indicate means = SEM. *P < 0.05,
Student’s r-test, wild-type (+/-+) vs. knockout (KO; —/—) mice.

1968; Deacon, 2013). The apparatus consisted of a black stri-
ated rod (3-cm diameter) at a 20-cm height from the floor
(Ohara Co. Ltd.). The animal was placed on the rod with con-
stant low-speed rotation (5 rpm). After a few seconds, when
the mouse had adjusted to walking on the rod, the test was
started. In a trial, the rotation was gradually accelerated, from
5 to 40 rpm, over a 5-min period. The time at which the
mouse fell off the rotating cylinder was measured automatically.
Two trials were performed for each mouse, and the higher
score was used for statistical analysis.

Startle Response and Prepulse Inhibition Test

Acoustic startle response (reflex) and its prepulse inhibi-
tion (PPI) were also measured. Startle response PPI is an opera-
tional measure of sensorimotor gating, deficits of which are
observed in schizophrenia patients and related to the dopami-
nergic system (Geyer et al., 2001). Startle reactivity was meas-
ured using a startle chamber (San Diego Instruments, San
Diego, CA). The chamber consisted of a clear resin cylinder
resting on a platform inside a ventilated box. A high-frequency
loudspeaker inside the chamber produced both a continuous
background noise of 65 dB and various acoustic stimuli. Vibra-
tions of the cylinder caused by the startle response of the animal
were transduced into signals by a piezoelectric accelerometer
beneath the cylinder that translated movement into changes in
voltage (millivolts). These signals were then recorded by the
computer system.

All PPI test sessions consisted of startle trials (pulse-only),
prepulse trials (prepulse + pulse), and no-stimulus trials (nostimy).
In total, 38 trials, including habituation trials, were performed

during one set of tests for each animal, and the average amplitude
was used to determine the acoustic startle response. The pulse-
alone trial consisted of a 40-msec, 120-dB pulse of broad-band
noise. PP was measured by prepulse trials that consisted of a 20~
msec noise prepulse sound followed by a 30-msec, 120-dB sound
pulse with a 70-msec interval. The acoustic prepulse intensities
were 5, 10, and 15 dB above the 65-dB background noise (i.e.,
70, 75, and 80 dB). The nostim trial consisted of background
noise only. Each trial was presented six times in pseudorandom
order with a variable interval (range 5-10 sec). The test session
began and ended with four presentations of the pulse-only trial
(as habituation trials described above). The average values of PPI
under all prepulse conditions are presented in Figure 1. PPI rates
were calculated using the following formula: inhibition rate-
= (1 — [prepulse + pulse]/[pulse-only]) X 100.

Hotplate Test

Pain sensation was evaluated in the hotplate test, which
focuses on thermal sensitivity, as described previously (Koide
et al., 2000). A hotplate surrounded by a wall made of acrylic
acid resin (Muromachi Kikai Co., Ltd., Tokyo, Japan) was
heated and maintained at 52°C during the test. Immediately
following placement of mice on the plate, the time to lick the
hind limb was measured by an observer.

Tail Flick Test

Sense of pain was assessed using the tail flick test as
described previously (Koide et al, 2000). Mice were held
gently with the tail placed on the apparatus (Muromachi Kikai
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Co., Ltd.) to measure the latency of the tail flick response eli-
cited by applying radiant heat to the ventral surface of the tail.
Cutoff time for the heat stimulus was recorded automatically
with an infrared sensor three times per individual at three dif-
ferent positions on the tail. The median value was used for sta-
tistical analysis.

Sample Preparation

Stereotactic coordinates (Franklin and Paxinos, 2008) were
used to dissect out the forebrain region (+2 o —4.0 relative to
bregma) and midbrain region, including the ventral tegmental
area (VTA) and substantia nigra (SN; —3.00 to —4.00 to bregma).
Tissues were collected after the last behavioral battery on that day.
The midbrain was used for measurement of DAT and TH
mRNA, and the forebrain was evaluated in terms of expression of
D1 and D2 receptors. The forebrain region, which contains dopa-
minergic axon terminals, was also used for Western blotting for
DAT and TH proteins. The right side of these regions was used
for RT-PCR, and the left side was used for Western blotting.

Real-Time Quantitative PCR Analysis

Homogenization and total RNA extraction were con-
ducted using Trizol (Invitrogen, Carlsbad, CA) according to
the manufacturer’s protocol. First-strand cDNA was synthesized
using the PrimeScript RT-PCR System (TaKaRa, Shiga,
Japan) according to the manufacturer’s instructions. cDNA
templates (50 ng) were used for real-time PCR. Real-time
quantitative PCR was carried out using the comparative AGC
method and the StepOne System (Applied Biosystems, Darm-
stadt, Germany). Each PCR. product was synthesized using the
SYBR Green reagent (Applied Biosystems) with the same oli-
gonucleotide primers as were used in our previous report (Fuke
et al., 2006). Average putative expression values from replicate
PCRs were normalized to those of the GAPDH gene as an
internal control. The ratios of the gene expression levels of the
KO mice to those of the wild-type were then calculated.

Western Blotting

The collected brains were lysed in buffer containing 150
mM NaCl, 50 mM Tris-HCI (pH 7.4-7.6), 1 mM EDTA, 1%
Triton X-100, and protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO) with a glass homogenizer and were left at 4°C
for 30-60 min. Samples were centrifuged (13,000 rpm, 20 min,
4°C) to remove cellular debris. The protein concentration in
the solubilized material was determined by DC protein assay
(Bio-Rad, Hercules, CA). After addition of 4X protein sample
buffer containing 0.25 M Tris-HCl (pH 6.8), 20% 2-
mercaptoethanol, 8% sodium dodecyl sulfate (SDS), 20%
sucrose, and 0.02% BPB, samples were incubated at 65°C for
15 min. Samples (30 pg/pl) were stored at —20°C until use.

Electrophoresis and Transfer

Samples (30 pg protein per lane) and the BenchMark
Pre-Stained Protein Ladder (Invitrogen) were separated by
SDS-PAGE and transferred to PVDF membranes (Immobilon-
P; IPVHO00010; Millipore, Bedford, MA). Membranes were
equilibrated with methanol for 1 min, then MilliQ water for 2
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min, and finally transfer buffer (195 mM glycine, 25 mM Tris,
20% methanol) for at least 30 min before transfer.

Antibodies

The primary antibodies rat anti-DAT (1:1,000; MAB369;
Chemicon, Temecula, CA) and rabbit anti-actin (1:600;
A2066; Sigma-Aldrich) were diluted in TBST containing 1%
BSA; rabbit anti-TH (1:1,000; AB152; Chemicon) was diluted
in TBST without BSA. For secondary antibodies, horseradish
peroxidase (HRP)-linked anti-rabbit IgG (1:5,000; No. 7074;
Cell Signaling, Beverly, MA) was diluted in TBST, and HRP-
linked "anti-rat 1gG (1:5,000; No. 7077; Cell Signaling) was
diluted in TBST containing 5% dry skim milk.

Immunoblotting

Membranes were first blocked for 1 br in TBST buffer (50
mM Tris-HCl, pH 7.4-7.6. 150 mM NaCl, 0.1% Tween 20)
containing 5% dry skim milk, then incubated with cach primary
antibody solution overnight at 4°C and with the HRP-
conjugated secondary antibody solution for 1 hr at room tempera-
ture. Before and after incubation with each antibody, membranes
were washed three times for 10 min with TBST. Protein bands
were visualized using ECL prime for DAT and TH, or Luminata
Forte (Millipore) for actin. Images of protein bands were captured
by the LAS-3000 system (Fujifilm, Tokyo, Japan) and analyzed
with the incorporated software (Multigauge ver. 2.3). Before incu~
bation with the primary antibody, membranes were cut horizon-
tally at about 50 kDa and divided into two pieces. The upper part
was used for immunoblotting of DAT and the other for actin.

For immunoblotting of TH, membranes used for DAT
were stripped by incubation with 0.2 M glycine solution (pH
2.8) for 30 min at room temperature. Before and after stripping,
membranes were washed three times for 10 min with TBST.
Next, blocking with TBST containing 5% skim milk was per-
formed for 30 min. The process described above, except for the
immunoreaction for TH, was then conducted.

Injection of a Dopamine Agonist Before PPI
Measurement

PPI measurements were conducted as described above.
Nalve mice were used for this test. Saline (vehicle) and the
dopamine D1 and D2 receptor agonist apomorphine (apomor-
phine hydrochloride hemihydrate; A4393-100MG; Sigma-
Aldrich) were injected intraperitoneally into the mice 15 min
before each PPI measurement. The PPI tests were conducted
three times every 5 days (4-day intervals among tests) with the
same individuals. The doses were 1 or 5 mg/kg of apomor-
phine or saline (vehicle). An individual mouse received all three
doses of injections in sequence before each test without repeti-
tion of the same dose. The order of the three injections (saline,
1 mg/kg, and 5 mg/kg) was randomized among the animals so
that drug effects were counterbalanced. The average PPI values
under all prepulse conditions are presented in Figure 4.

Statistical Analyses

Statistical analyses were performed in JMP 8.0 software
(SAS Institute, Cary, NC). All values are reported as
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Fig. 2. Real-timc quantitative PCR analysis of dopamine-related gene
expression in the wild-type and knockout mice. Relative mRNA
cxpressions of dopamine transporter (IDAT), tyrosine hydroxylase
(TH), dopamine D1 receptor (D1), and dopamine D2 receptor (D2)
were standardized to the wild type (+/+4) cxprossion in cach Hesrl

mean &= SEM. Data of the Hesrl and Hesr2 lines were analyzed
separately in all statistical tests. Student’s t-tests were used to detect
statistically significant differences between two objects (Table I,
Figs. 1-3) when the data were normally distributed. When the
data were not normally distributed, the Wilcoxon test was applied
(Table I, Fig. 1). The normality was confirmed by Shapiro-
Wilk's W test. The t-test (for a between-subject factor: genotype)
and Dunnett’s method (for a within-subject factor: dose) were
used as post hoc tests after the generalized linear model test had
been performed (Fig. 4, Supp. Info. Figs. 1-4). Differences were
considered to be statistically significant at P<0.05.

RESULTS
Behavioral Test Battery

A summary of the behavioral results is shown in
Table 1. Among the 10 tests, a significant difference
between wild-type and KO mice was detected in only
the PPI test in the Hesrl KO line. In the Hesr2 KO line,
a significant difference was observed only in the hotplate
test. For some tests, further temporal analysis was con-
ducted (see Supp. Info. Figs. 1-4).

In the PPI test (Fig. 1), enhanced PPI was detected
in the Hesrl KO mice. The average value of PPI (Fig. 1)

+/+

(upper pancls) and Hesr2 (lower pancls) knockout line. *P < 0.05,
Student’s t-test. The numbers of mice used were as follows: Hesr1(+/
+), n=5; Hesrl(—/=), n=4; Hesr2(+/+), n=35: Hesr2(—/~),
n=35.

was significantly higher in the Hesr1 KO mice than in the
wild-type mice. Values of the startle responses in the
habituation and pulse-only trials were comparable (Fig.
1). In the Hesr2 group, there was no significant difference
between genotypes in any index (habituation, . startle
response, or PP in Fig. 1).

For the Hesrl strain, the mean body weight of the
wild type was 28.0 £ 0.9 g, whereas for KO mice it was
25.4+0.9 kg. For the Hesr2 strain, the mean body
weight of the wild type was 28.8 £ 0.5 g, whereas for
KO mice it was 27.0 % 0.5 kg. Thus, the body weights of
both Hesrl and Hesr2 KO mice were significantly lower

than those of wild-type animals (Student’s i-test,
P <0.05).

Expression of DAT, TH, and Dopamine Receptor
D1 and D2 Receptors: Quantitative PCR Analysis

Expression levels of mRNA for DAT, TH, and
D1 and D2 receptors were assessed by real-time PCR.
As shown in Figure 2, the DAT expression level dif-
fered in the Hesrl KO line, but no other significant dif-
ference was detected in either the Hesrl or the Hesr2
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