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Immediate-early genes (IEGs) are useful for mapping active brain regions in various vertebrates. Here we
identified a c-fos homologue gene in medaka and demonstrated that the amounts of c-fos transcripts and
proteins in the medaka brain increased in relation to an artificially evoked seizure, suggesting that the
homologue gene has the characteristics of IEGs, which are used as markers of neural activity. Next, quan-

Keywords: titative reverse-transcription-polymerase chain reaction revealed that female mating behaviors upregu-
;f::i behavio lated c-fos transcription in some brain regions including the telencephalon, optic tectum, and cerebellum.
Tele:sgt ‘ In addition, we performed in situ hybridization with a c-fos intron probe to detect the de novo synthesis of
Medaka c-fos transcripts and confirmed induction of c-fos transcription in these brain regions after mating. This is

the first report of IEG induction in response to mating stimuli in teleost fish. Our results indicated that c-
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fos expression was induced in response to behavioral stimuli in the medaka brain and that medaka c-fos

could be a useful marker of neural activity.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The medaka (Oryzias latipes) is a freshwater teleost fish native
to East Asia that has long been an ornamental fish in Japan. Medaka
exhibit various social interactions, such as schooling behavior [1,2],
aggressive behavior [3], and a female mating preference for large
males [4]. The medaka mating behaviors, for example, comprise a
series of behavioral steps. First, the male medaka approaches the
female and swims underneath her [5,6]. Then the male swims rap-
idly in a small circle, which is called a “quick circle”. If the female is
receptive to the male courtship display, the fish copulate by cross-
ing their cloaca. As the medaka is a model organism for molecular
genetics [7], functional analysis of the neural circuits involved in
social interactions using advanced genetic methods will contribute
to a better understanding of the neural/molecular basis underlying
vertebrate social interactions.

Immediate-early gene (IEG) expression is induced in neurons by
stimuli naturally associated with behaviors and the localization of
IEG expression is a useful marker of neural activity. Based on IEG
expression, brain regions that are active in response to (social)
behavioral stimuli have been identified in vertebrate brains, such
as rodents [8], songbirds, [9], and anurans [10]. Brain regions asso-
ciated with mating behavior have been successfully mapped. For
example, mating in rodent significantly increases the number of
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Fos-immunoreactive neurons in several brain regions, including
the medial preoptic area, bed nucleus of the stria terminalis, med-
ial amygdala, hypothalamic ventromedial nucleus, subparafascicu-
lar thalamic nucleus, and midbrain central tegmental field [8,11].
Although IEG mapping studies have been extensively performed
in mammalian and avian model systems, similar analyses in fish
have been limited to a few studies in teleost fish [12-14]. Here
we identified a medaka c-fos homologue gene and demonstrated
that IEG expression was induced in response to mating stimuli.

2. Materials and methods
2.1. Fish

Medaka fish (O. latipes, dr-R strain) were maintained in like
groups in plastic aquariums (12 cm x 13 cm x 19 cm). Sexually
mature male and female adult medaka fish (more than 3 months
after hatching) were used for the cDNA cloning, real-time PCR,
Western blotting, and in situ hybridization studies.

2.2. Mating condition

The adult female and male medaka fish were separated by two
tanks overnight, prior to mating (Fig. 4A). The next morning, the
male and female were placed together in a single tank and then
the pair began to exhibit mating behavior within 5-min. We
confirmed that the females exhibited normal mating behavior,
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including crossing and spawning, and the males exhibited normal
mating behavior, including approach, courtship, and ejaculation.

2.3. Quantification of the c-fos transcript

Real-time RT-PCR was performed with Light Cycler-DNA master
hybridization probes (Roche) according to the manufacturer’s pro-
tocol, using gene-specific primers (c-fos; and 5-TTCAGAAGAAGCG
CTCAAGGA-3' and 5'-AAGAGCAAGCCTTGGATGAAG-3'; actin; 5'-C
TGTCTTTCCCTCCATCGTT-3' and 5'-TGAGGTAGTCTGTAAGGTCG-3').
The amount of c-fos transcript was normalized with that of actin.
No significant difference was detected in the levels of actin tran-
scripts [15] between pentylenetetrazole (PTZ) -exposed, control
medium-exposed, and mating-stimulated medaka.

2.4. In situ hybridization

In situ hybridization of tissue sections was performed as
described previously with some modifications [15,16]. Paraffin-
embedded coronal brain sections (10-pum thick) were fixed in 4%
paraformaldehyde in phosphate buffered saline, pretreated, and
hybridized with digoxigenin (DIG)-labeled riboprobes. The c-fos
first intron fragment was amplified with forward primer: 5-GT
AAATTGAAACGACGATTGCTTAGATG-3' and reverse primer: 5'-CT
GAGAGAAAGAGGGAGGG-3' using a genome DNA BAC plasmid
0la1-200A07 (National BioResource Project) as a template. The
DIG-labeled riboprobes were synthesized by T7 or SP6 polymerase
with a DIG labeling mix (Roche) from a template containing the
c-fos first intron fragment. After stringent washes, DIG-labeled
riboprobes were detected immunocytochemically with peroxi-
dase-conjugated anti-DIG antibody (1:500; Roche) and TSA Biotin
System (Perkin Elmer). Sense probes were used as negative con-
trols and the signals were confirmed to be antisense probe-specific
in every experiment. Micrographs of section in situ hybridization
were taken using a BX50 optical microscope (Olympus). Intensity
and brightness of the micrographs were processed with Photoshop
software (Adobe, San Jose, CA).

2.5. Western blotting

Protein detection was performed with antibodies against c-fos
(anti-c-Fos (K-25): sc-253, Santa Cruz Biotechnology Inc., Santa
Cruz, CA) and B-actin (mouse anti-actin monoclonal antibody:
MAB1501, Chemicon International). Blots were simultaneously
incubated with differentially labeled species-specific secondary
antibodies after transfer to membranes [anti-rabbit IgG conjugated
with HRP and anti-mouse IgG conjugated with HRP].

3. Results

3.1. Medaka c-fos homologue has characteristics of an immediate-
early gene

To search for active regions in the medaka brain, we focused on
the c-fos gene as an IEG that is transiently expressed in active neu-
ronal cells. We found an exon encoding a putative medaka c-fos
homologue in the medaka genome database and isolated a full-
length cDNA using the 5'-and 3’-rapid amplification of the cDNA
ends (RACE) method (Genbank No. AB572350). The open reading
frame encoded 364 amino acids, which had the highest identities
(57% and 60%) with fos homologues in mouse (Genbank No.
NM_010234) and zebrafish (Genbank No. NM_205569), respec-
tively, which have IEG characteristics [17,18]. First we examined
whether medaka c-fos homologue also has IEG characteristics. In
some rodents, the expression of 1IEGs is induced in brain regions
corresponding to sites of seizure initiation [19,20]. Exposure to a

common convulsant agent (PTZ; a GABA-A receptor antagonist) in-
duces stereotyped seizure behavior and leads to c-fos expression in
zebrafish [18].

First, quantitative reverse transcription-polymerase chain reac-
tion (qQRT-PCR) was used to demonstrate the temporal induction of
c-fos transcription following PTZ exposure. Medaka fish were
transferred from a tank with normal medium to a tank with PTZ
(10-mM)-containing medium. Adult medaka was exposed to PTZ
for 0, 10, 20, 30, 40, 60, and 90 min and then total RNA from the
whole brain was isolated. We also isolated total RNA from medaka
that was transferred to normal bathing medium as controls. An in-
crease in c-fos transcripts levels was detected within minutes after
initiating the stimulus, peaked around 30 min, and returned to ba-
sal levels within 60 min (Fig. 1A). Next, we analyzed c-Fos protein
expression levels using Western blotting with an anti-c-Fos anti-
body, whose epitope mapped within an internal region of c-Fos
of human origin (datasheet from Santa Cruz Biotechnology). Total
protein from the whole brain in which adult medaka fish were ex-
posed to 10-mM PTZ for 0, 30,60, 90, 120, and 150 min was iso-
lated. Western blot analysis using the medaka brain lysate
showed a major band at approximately 63 kDa (Supplementary
Fig. S1), whose molecular weight is consistent with that of homo-
log proteins in mouse and zebrafish [21,22]. Further, using normal
IgG as the primary antibody instead of the c-Fos antibody, we con-
firmed that there was no nonspecific labeling at bands of the same
size as the c-Fos immunoreactive protein (Fig. 1B, lower panel). In
medaka exposed to PTZ for 60 min, the level of c-Fos immunoreac-
tive protein was significantly upregulated in comparison with me-
daka exposed to PTZ for 30 min or untreated control medaka
(Fig. 1B, upper panel). Taken together, we concluded that the me-
daka c-fos homologue had IEG activity.
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Fig. 1. Immediate early induction of medaka c-fos homologue in the whole brain in
response to seizure. (A) The time course of the c-fos transcript level revealed by
qRT-PCR. All data are shown as the means + SEM. (B) The time course of the amount
of c-Fos protein using Western blotting analysis.
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Fig. 2. Mating stimulation induced c-fos transcription in various regions of the
fernale brain. Comparison of c-fos mRNA expression investigated by qRT-PCR in The
telencephalon (Tel), optic tectum (OT), cerebellum (Cer), hypothalamus and
pituitary gland (Hy, Pit), and other regions. (*P< 0.05; **P<0.01; Student’s t-test)
All data are shown as the means + SEM.

3.2. Mating stimulation induced c-fos transcription in various brain
regions of the female brain

To examine whether c¢-fos expression is induced in response to
behavioral stimuli, we investigated changes in c-fos expression in
the female brain during mating behavior. The female brains were
sampled 30 min after mating behavior, because c-fos transcripts were
sufficiently increased within 30 min of neural stimulation (Fig. 1).

First, we quantitatively analyzed c-fos transcripts in the female
brain using qRT-PCR. We compared the amount of c-fos transcripts

in five regions of the female brain before and after mating: the tel-
encephalon, optic tectum, cerebellum, hypothalamus and pituitary
gland, and other regions that mainly contained the medulla
oblongata and the anterior part of the spinal cord. (Fig. 2). Mating
behavior significantly increased c-fos transcripts in the telenceph-
alon, optic tectum, cerebellum, and other regions. In the hypothal-
amus with pituitary gland, the level of c-fos transcripts after
mating tended to be higher than that before mating, although
the difference was not significant. These results suggest that mat-
ing stimulation induced c-fos transcription in very broad areas of
the female brain.

3.3. Detection of localization of c-fos expression in response to mating
stimulation using in situ hybridization

To detect only the immediate early induction of c-fos transcrip-
tion (the de novo synthesis of c-fos transcripts), we performed
in situ hybridization using a probe corresponding to the first intron
sequence of the c-fos gene, which generally improves the temporal
and spatial resolution of IEG mapping [23]. To examine whether
immature c-fos transcripts can be detected using the c-fos intron
probe, we prepared paraffin sections of brain using medaka ex-
posed to 10-mM PTZ for 30 min, and then performed in situ hybrid-
ization. Dot-like signals were detected in the telencephalon and
hypothalamus (Fig. 3A and Supplementary Fig. 52). In addition,
very few dot-like signals were observed in medaka without PTZ
treatment. Therefore, we concluded that the de novo synthesis of
c-fos transcripts could be detected using in situ hybridization
method with a c-fos intron probe.
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Fig. 3. Detection of the de novo synthesis of c-fos transcripts using in situ hybridization method. In the brains of medaka treated with 10-mM PTZ, dot-like signals were
detected in the telencephalon (A; arrowhead) and hypothalamus (D; arrowhead). No significant signal was detected using the sense probe as a negative control (B and E) in
cell nuclei. The number of dot-like signals increased depending on PTZ-treatment both in the telencephalon (C) and the hypothalamus (F). Scale bar, 50 mm.
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Next, using this method, we compared the c-fos transcription
before and after mating behavior in the female brain. We prepared
a series of paraffin sections from the female brains 30 min after
spawning and ejaculation. In the female brain, dot-like signals
were detected in the preoptic area, optic tectum, and cerebellum
(Fig. 4C-E). A large number of dot-like signals were detected in
the dorsomedial telencephalon of females (Fig. 4B). The induction
was not detected in the dorsolateral region of telencephalon
(Supplementary Fig. S2B). The expression pattern was clearly differ-
ent from that of PTZ-exposed medaka, where dot-like signals were
detected in the dorsomedial and dorsolateral regions of telen-
cephalon (Fig. 3A and Supplementary Fig. S2B). In contrast, a small
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number of dot-like signals were detected in the female brains before
mating behavior (Fig, 4F-1 and Supplementary Fig. S2B), and no dot-
like signals were observed when the c-fos sense probe was used as a
negative control (data not shown and Supplementary Fig. S2B).

4. Discussion

Here we identified a c-fos homologue gene in medaka and
characterized the time course of its gene expression after pharma-
cologic stimulation. The c-fos expression peaked at 30-min post-
induction and was markedly reduced at 90 min (Fig. 1A). The time
course of c-fos mRNA induction was similar to that in mammals
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Fig. 4. Induction of the de novo synthesis of c-fos transcripts during mating. (A) Time course of the experiment. c-fos expression was detected by in situ hybridization using
coronal brain sections after mating (B-E) and before mating (F-1). The dot-like signals (black arrowhead) were detected by in situ hybridization using coronal brain sections of
female brain; medial telencephalon (B and F), preoptic area (C and G), optic tectum (D and H), and cerebellum (E and I). Scale bar, 50 mm. (J) Schematic presentation of the
telencephalon, preoptic area, optic tectum and cerebellum of medaka brain. Areas corresponding to panels (B-I) are boxed in (J). The positions of the coronal sections are
indicated in Supplementary Fig. $2. Dm3, area medialis3 of D; OB olfactory bulb; PPa, nucleus preopticus parvocellularis pars; PMp, nucleus preopticus magnocellularis pars
parvocellularis; Tl torus longitudinalis; OT, tectum opticum; PGZ3 periventricular grey zone3; NGp nucleus glomerulosus posterioris; CbSg, stratum granulare of corpus
cerebelli; CbSP, stratum Purkinje of corpus cerebelli; NDIL, nucleus diffuses of lobus inferioris.
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{24]. A small increase in c-fos expression was also detected in con-
trol fish (Fig. 1A), which might be due to handling during transfer.
Furthermore, qRT-PCR and in situ hybridization revealed that c-fos
expression was induced in broad brain areas, including the telen-
cephalon, optic tectum, and cerebellum in response to mating
stimuli. In the present study, we performed in situ hybridization
using a c-fos intron probe to detect only the immediate early
induction of c-fos transcription (the de novo synthesis of c-fos tran-
scripts). Generally, the use of intron-specific IEG riboprobes
provides a marker of activated neuronal nuclei, without contami-
nation by mature mRNA that can be encountered when using
cDNA-based probes containing exonic sequences. Thus, use of the
IEG intron probes can improve the temporal and spatial resolution
of IEG mapping [23]. Furthermore, in situ hybridization signals
using the IEG intron probes were detected in discrete intranuclear
foci, which represented newly transcribed RNA at allelic sites [23].
In the present study, consistent with previous reports, the dot-like
signals were detected using a ¢-fos intron probe.

The behavioral and pharmacologic induction of c-fos expression
in medaka brain suggested that neural activity induces c-fos
expression in medaka in a similar manner to that in mammals
and birds. The merit of IEG mapping is that it allows us to simulta-
neously examine the response of multiple brain regions that are in-
volved in natural behaviors under free-moving conditions. The
present findings suggested widespread activation in the female
brain following mating and we consider these results an initial step
toward identifying the specific brain region involved in a behav-
ioral element of female mating behavior, such as female choice
and spawning. The medaka is a model organism for molecular biol-
ogy and genetics [25] and efficient methods of generating both
transgenic and knockout medaka are available [26,27]. Modulation
of neural activity in target activated neurons using molecular tech-
niques such as optogenesis [28)] will lead to fine mapping of the
neural circuit underlying mating behaviors.
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Liver Fibrosis in an Extremely Small Infant for Gestational Age
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Premature infants with intrauterine growth restriction (IUGR) are at greater risk for an adverse perinatal
outcome. IUGR affects hepatocyte function, but the histopathological changes in the postnatal liver are not
well known. We report a male infant with severe lUGR. His mother was transferred to our hospital at 26
weeks of gestation because of preterm labor and severe IUGR. An emergency cesarean section was
carried out because of a non-reassuring fetal status. The birth weight of the infant was 332 g. He showed
congestive heart failure and marked hepatomegaly from birth. After 1 week, blood examinations showed
hyperbilirubinemia with high direct bilirubin. Because of liver dysfunction, he received the minimal total
parenteral nutrition for 7 days. After 1 month, he progressively developed ascites and coagulopathy, and
died 3 months after birth. Liver autopsy showed diffuse perisinusoidal fibrosis. Fibrosis was also prominent
around the central vein. Immunohistochemical study revealed many a-smooth muscle actin-positive cells,
which represent activated hepatic stellate cells, and a few transforming growth factor-31-positive cells in the
perisinusoidal fibrotic area. These results indicate that the infant developed chronic (end stage) liver failure
by 3 months of age. We excluded congenital infection, metabolic syndrome and citrin deficiency. It is
therefore conceivable that intrauterine cardiac failure may be responsible for liver fibrosis. Early detection

of liver dysfunction soon after birth is a key to predict the prognosis of severe IUGR in preterm infants.

Keywords: liver failure; IUGR; preterm infant; liver fibrosis; extremely low birth weight
Tohoku J. Exp. Med., 2010, 221 (3), 181-185. © 2010 Tohoku University Medical Press

Premature infants with intrauterine growth restriction
(IUGR) are at greater risk for postnatal growth and develop-
ment as well as acute and chronic morbidities (Rosenberg
2008). TUGR influences hepatocyte function (Alonso et al.
2007). Compared to appropriate for gestational age (AGA)
infants of similar birth weight, small for gestational age
(SGA) infants show a higher rate of neonatal cholestasis
(Boehm et al. 1990); however, only one report has shown
postnatal liver histopathological changes for SGA infants
that received prolonged total parenteral nutrition (TPN)
(Baserga and Sola 2004).

Herein, we report the unusual case of an extremely low
birth weight (ELLBW) infant with severe IUGR. At birth,
the infant showed congestive heart failure. Severe coagn-
lopathy, thrombocytopenia, and jaundice persisted. The
infant received the minimal TPN for only 7 days, and sub-
sequently developed severe perisinusoidal liver fibrosis.

Patient Report
A 36-year-old woman, gravida 2, para 1, was referred
to another hospital at 25 weeks of gestation with suspected
IUGR. TUGR was first suspected at 23 weeks of gestation
at another clinic. She was transferred to our hospital at 26

weeks of gestation because of preterm labor and severe
IUGR. Ultrasound revealed severe growth restriction of the
fetal biparietal diameter and abdominal circumference (each
below -2 standard deviation). A first-trimester ultrasound
had confirmed gestational age. She bad reliable date param-
eters confirmed by the crown-rump length at 8 weeks’ ges-
tation. During her first pregnancy at 26 years old, she had
undergone an artificial abortion. There had been no compli-
cations in her second pregnancy; a healthy child was born
spontaneously at term. There was no family history of
hereditary disorders. She had not taken medicine during the
pregnancy. On admission, she did not have premature rup-
ture of the membranes. Fetal ultrasound showed reverse
end-diastolic flow in the umbilical artery and umbilical
venous pulsations. Middle cerebral artery flow pattern
showed redistribution (resistance index = 0.66). We did not
examine the fetal karyotype because her family refused.

At 26 weeks of gestation, an emergency cesarean sec-
tion was carried out because of a non-reassuring fetal status
(minimal fetal heart rate variability). The birth weight of
the male infant was 332 g. The infant had asphyxia, with
Apgar scores of 3 at one minute and 5 at five minutes, and
required resuscitation with tracheal intubation. On admis-
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Fig. 1. Infant echocardiography. Echocardiography showed dilated inferior vena cava (left) and tricuspid regurgitation (right)

at day 0.

Tablel. Laboratory findings on admission (day 0).

pH 7.202 AST
pCO2 35.7 mmHg ALT
BE —13.3 mEq/L LDH
BS 127 mg/dL GGT

T.Bil
WBC 3,600/uL D.Bil
Hb 13.6 g/dL ALP
Plt 0.2 x 10%uL CK

TP
APTT 69.9 sec Alb
PT 34% T.Chol
Fib <50 mg/dL TG
D-dimer 2.0 mg/dL BUN
AT-III < 20% Cr
HPT 24%

52 UL Na 140 mmol/L
3UL K 3.6 mmol/L
851 U/L Cl 99 mmol/L
204 U/L Ca 9.4 mg/dL
2.4 mg/dL iP 5.2 mg/dL
0.5 mg/dL Fe 79 ug/dL
199 U/L IgG 353 mg/dL
309 UL IgM 1 mg/dL
3.2 g/dL CRP 0.0 mg/dL.
2.2 g/dL
21 mg/dL
27 mg/dL
9.7 mg/dL
0.66 mg/dL

sion, he had respiratory distress syndrome, and received
artificial surfactant replacement therapy. A chest radiograph
showed cardiomegaly. Echocardiography showed left ven-
tricular dysfunction with ejection fraction of 46% (Murase
et al. 2002), a dilated inferior vena cava, and tricuspid and
mitral regurgitation (Fig. 1). Soon after birth, the patient
showed congestive heart failure. Congenital cardiac mal-
formation was absent. The patient was treated with inotro-
pic and vasodilatory agents, and his cardiopulmonary condi-
tion improved gradually. No renal anomaly could be found
on ultrasonography. Ophthalmological examination yielded
normal findings. We could not examine his karyotype as
the parents did not consent, but his face, appearance, and
physical examination did not suggest trisomy 21 or 18.

Initial laboratory studies (Table 1) indicated a platelet
count of 0.2 x 10*/yL. Blood examinations showed meta-
bolic acidosis (pH 7.202, BE -13.3 mmol/L), and coagulop-
athy was identified: fibrinogen (< 50 mg/dL) and prothrom-
bin time (PT) % (34%) were low. Blood ammonia and
blood glucose levels were within the normal ranges.

He showed marked hepatomegaly from birth. After 1
week, blood examinations showed hyperbilirubinemia with
high direct bilirubin (total and direct bilirubin of 17.7 and

13.3 mg/dL at 17 days of life, respectively) (Fig. 2).
Because of liver dysfunction, TPN (amino acids 0.3-1 g/kg/
day; glucose infusion rate, max 6 mg/kg/minute; and vita-
mins) was used for only 7 days and we did not use intrave-
nous lipid infusion; however, cholestasis did not improve,
and we started ursodeoxycholic acid (UDC) (15 mg/kg/
day).

After 1 month, he progressively presented with severe
liver dysfunction with cholestasis, which led to the develop-
ment of ascites, coagulopathy, and hypoalbuminemia. We
administered fresh frozen plasma and vitamin K infusion
frequently to improve coagulopathy, but these therapies
were unsuccessful; his condition became unstable and he
progressed to grade IV intraventricular hemorrhage. Plasma
amino acid examination on day 91 showed hypertyrosin-
emia (1,113 nmol/mL). We suspected tyrosinemia type I,
but no accumulation of upstream metabolites and succinyl-
acetone was detected. Alpha-fetoprotein was 8,264.6 ng/mL
(normal range) on the same day. Total bile acids were 119
pmol/L (day 91). We used special milk formulas (medium
chain triglyceride (MCT)-enriched formulas or tyrosine-free
milk), but his condition did not improve. He died 3 months
after birth because of sepsis.
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Fig. 2. Clinical course. After 1 week, blood examinations showed hyperbilirubinemia with high direct bilirubin.

Fig. 3. Histology of the liver by Elastica-Masson staining. Liver specimens were fixed in formalin, embedded in paraffin,
sectioned thinly, and stained with Elastica-Masson. Increased collagen fibers (arrows) were present along the sinusoids.
Fibrosis was prominent around the central vein (arrowhead), and the hepatocytes showed frequent disruption (asterisk).
Cellular infiltration of the parenchyma was absent. Fatty liver change was absent. Bar =50 ym

After death, congenital infection (varicela zoster, her-
pes, cytomegalovirus, toxoplasmosis, syphilis, and rubella),
extrahepatic obstruction, citrin deﬁciéncy (neonatal intrahe-
patic cholestasis), and inborn errors of bile acid metabolism
(e.g., primary 3-oxo-delta 4-steroid 5 beta-reductase defi-
ciency) were excluded. The results of neonatal screening
for metabolic diseases (galactosemia, homocystiuria, phe-
nylketouria, and maple syrup urine disease) and endocrine
diseases (hypothyroidism and adrenal hyperplasia) were
negative. A liver sample was the only specimen obtained
after death with informed consent from the parents. No
extrahepatic bilary atresia was noted. Microscopically, dif-
fuse perisinusoidal liver fibrosis with increased collagen
fibers was observed (Fig. 3). Fibrosis was prominent
around the central vein, and the hepatocytes showed fre-
quent disruption. Iron deposits were mildly present.
Cellular infiltration in the parenchyma was absent. Fatty
liver change was also absent (Fig. 3).

Immunohistochemically, many a-smooth muscle actin-
positive cells, which represent activated hepatic stellate
cells (HSCs), were detected in the perisinusoidal fibrotic
area (Fig. 4a and c); moreover, a few transforming growth
factor (TGF)-S1-positive cells were present in the same area
(Fig. 4b and d).

Discussion

This patient received TPN for only 1 week because of
cholestasis. In spite of minimal TPN, he showed severe liv-
er fibrosis. Baserga et al. (2004) reported that SGA-ELBW
infants have a risk factor for TPN (for >7 days)-associated
cholestasis. Some of these infants showed portal/sinusoidal
fibrosis; however, compared with our patient, they used
higher doses of amino acids, glucose and intravenous lipids.

Moreover, infection, metabolic disease, and heart fail-
ure contribute to liver failure (cholestasis in neonates and
infants) (Alonso et al. 2007); however, we excluded con-
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Fig. 4. Immunohistochemical staining of the liver. Immunohistochemical staining was performed using frozen sections.
Antibodies against @-smooth muscle actin (a) (Boehringer Mannheim, Mannheim, Germany, dilution: 1:10) and TGF-p1
(b) (Santa Cruz Biotechnology, Inc., CA, USA, dilution: 1:200) were obtained commercially. () Immunoreactivity of
spindle-like cells (arrows) was found along sinusoids. (b) Immunoreactivity was detected in round cells (arrows) in si-
nusoidal areas. (c) Negative control section for (a). (d) Negative control section for (b). Bar =50 #m

genital infection, metabolic syndrome, and neonatal intrahe-
patic cholestasis.

Our patient showed hypertyrosinemia, but we excluded
tyrosinemia type I because of no accumulation of upstream
metabolites and succinylacetone. SGA infants are more
sensitive to metabolic imbalances than AGA infants (Baserga
et al. 2004). Also, Robles et al. (1984) reported hypertyro-
sinemia in small-for-date (SFD) infants. Hypertyrosinemia
results from immature function of the enzyme 4-hydroxy-
phenylpyruvate dioxygenase, most frequently in premature
infants (Russo et al. 2001).

A cause of IUGR is uteroplacental insufficiency sec-
ondary to maternal morbidities such as hypertension
(Baserga et al. 2004). TUGR fetuses demonstrate progres-
sive hemodynamic changes, and develop earlier and more
pronounced right than left ventricular function deterioration
(Bahtiyar and Copel 2008). Soon after birth, this patient
showed congestive heart failure, which is associated with
the development of liver fibrosis (Naschitz et al. 2000). An
animal-based study of right ventricular pressure overload
showed liver fibrosis and a-smooth muscle actin expression
(Gieling et al. 2004). Although it could not be excluded that
liver failure had been caused by another etiology, we sug-
gested that intrauterine cardiac failure contributed to liver
fibrosis.

An immunohistochemical study showed many
cr-smooth muscle actin-positive cells (myofibroblasts) and a
few TGF-B1-positive cells in the perisinusoidal fibrotic
area. Liver fibrosis contributes to the differentiation of
HSCs into myofibroblasts (Hinz et al. 2007). TGF-81 is the

most potent profibrogenic cytokine that activates HSC, but
the present patient showed only a few TGF-f1-positive
cells, despite that fibrotic changes developed in the liver at
3 months of age.

Early detection of liver dysfunction (including the
examination of markers of liver fibrosis) soon after birth is
a key to predict the prognosis of severe IUGR in preterm
infants.
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Abstract Succinyl-CoA:3-ketoacid CoA transferase
(SCOT) deficiency causes episodic ketoacidotic crises
and no apparent symptoms between them. Here, we report
a Japanese case of neonatal-onset SCOT deficiency. The
male patient presented a severe ketoacidotic crisis, with
blood pH of 7.072 and bicarbonate of 5.8 mmol/L at the
age of 2 days and was successfully treated with
intravenous infusion of glucose and sodium bicarbonate.
He was diagnosed as SCOT deficient by enzymatic assay
and mutation analysis. At the age of 7 months, he
developed a second ketoacidotic crisis, with blood pH of
7.059, bicarbonate of 5.4 mmol/L, and total ketone bodies
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of 29.1 mmol/L. He experienced two milder ketoacidotic
crises at the ages of 1 year and 7 months and 3 years and
7 months. His urinary ketone bodies usually range from
negative to 1+ but sometimes show 3+ (ketostix) without
any symptoms. Hence, this patient does not show
permanent ketonuria, which is characteristic of typical
SCOT-deficient patients. He is a compound heterozygote
of ¢.1304C > A (T435N) and ¢.658-666dupAACGTGATT
p.N220_1222dup. mutations in the OXCTI gene. The
T435N mutation was previously reported as one which
retained significant residual activity. The latter novel
mutation was revealed to retain no residual activity by
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transient expression analysis. Both T435N and N220 1222
lie close to the SCOT dimerization interface and are not
directly connected to the active site in the tertiary structure
of a human SCOT dimer. In transient expression analysis,
no apparent interallelic- complementation or dominant
negative effects were observed. Significant residual activity
from the T435N mutant allele may prevent the patient from
developing permanent ketonuria.

Abbreviations

SCOT  succinyl-CoA:3-ketoacid CoA transferase
TKB  total ketone bodies

FFA free fatty acids

Introduction

Ketone bodies, produced mainly in the liver, are an
important source of energy for extrahepatic tissues
(Mitchell and Fukao 2001). Succinyl-CoA: 3-ketoacid
CoA transferase (SCOT; EC 2.8.3.5) is a mitochondrial
homodimer essential for ketone body utilization. SCOT
deficiency (OMIM 245050) causes episodic ketoacidosis
and is part of the differential diagnosis of childhood
ketoacidosis, a frequently occurring condition. In contrast
with most organic acidemias, no diagnostic metabolites are
observed in the blood and urine samples from SCOT-
deficient patients, although the ketone bodies, acetoacetate,
and 3-hydroxybutyrate are elevated (Mitchell and Fukao
2001). Since the first description of SCOT deficiency
(Comblath et al. 1971; Tildon and Cornblath 1972), fewer
than 30 affected probands have been reported, including
personal communication (Saudubray et al. 1987; Perez-
Cerda et al. 1992; Sakazaki et al. 1995; Fukao et al. 1996,
2000, 2004, 2006; Pretorius et al. 1996; Niezen-Koning et al.
1997; Rolland et al. 1998; Snyderman et al. 1998; Berry et al.
2001; Longo et al. 2004; Yamada et al. 2007; Merron and
Akhtar 2009; and seven other unpublished cases sent to TF).
Because of the nonspecific metabolite profile of SCOT-
deficient patients, in vitro methods of diagnosis are
particularly important. Enzyme assays of SCOT activity
are sufficient for clinical diagnosis, but current whole-
cell assays can yield a spuriously high apparent residual
activity (Perez-Cerda et al. 1992; Sakazaki et al. 1995;
Kassovska-Bratinova et al. 1996). To assist clinical
diagnosis, we cloned the human SCOT complementary
DNA (cDNA) (Kassovska-Bratinova et al. 1996) and
SCOT gene (OXCTI, Fukao et al. 2000), developed an
anti-(human SCOT) antibody (Song et al. 1997), and
described ten OXCTI gene mutations in SCOT-deficient
patients (Kassovska-Bratinova et al. 1996; Song et al.
1998; Fukao et al. 2000, 2004, 2006, 2007; Longo et al.
2004; Yamada et al. 2007).

@ Springer

SCOT deficiency is one of the most important differential
diagnosis of neonatal ketoacidotic crisis, since about half of
the reported SCOT-deficient patients developed their first
ketoacidotic crises in the neonatal period (Mitchell and Fukao
2001). Persistent ketosis and ketonuria are pathognomonic
features of SCOT deficiency; however, these are not present
in all SCOT-deficient patients. We previously pointed out
that patients with mutation T435N, which retained some
residual SCOT activity, do not show permanent ketosis
(Fukao et al. 2004). In this study, we describe a Japanese
SCOT-deficient patient with neonatal onset. One of his
mutations was revealed to be T435N.

Materials and methods

Case presentation

The proband (GS21) is a Japanese boy born from non-
consanguineous parents at 38 weeks of gestation. The
pregnancy and delivery were uneventful. His birth length
was 49.1 cm (50th-90th percentile), weight 2.59 kg (3rd—
10th percentile), and head circumference 34.3 cm (50th—
90th percentile). At the age of 2 days, he presented
tachypnea and poor drinking ability. Physical examination
revealed grunting and sternal retraction with a respiration
rate of 60/min. Blood gas analysis showed severe metabolic
acidosis [pH 7.072, partial pressure of carbon dioxide
(PCO,) 20.5 mmHg, bicarbonate 5.8 mmol/L]. The blood
glucose level was 3 mmol/L, ammonia 95 pmol/L, sodium
(Na) 151 mEqg/L, potassium (K) 4.19 mEq/L, chlorine (CI)
113.1 mEqg/L, and urinary ketone bodies 3+ (ketostix,
Siemens Healthcare Diagnostics, USA). GS21 was treated
by intravenous infusion of glucose and sodium bicarbonate.
Urinary organic-acid analysis by gas chromatography-mass
spectrometry showed massive amounts of 3-hydroxybutyrate
and acetoacetate with dicarboxylic acids. He was transferred
to Keio University Hospital for further evaluation at 4 days of
age. On admission, his general condition and blood gas data
(pH 7.453, PCO, 24.4 mmHg, bicarbonate 20.4 mmol/L)
improved with intravenous infusion of glucose at 7 mg/kg/
min. GS21 was suspected of having SCOT deficiency, and
this was confirmed by enzyme assay using peripheral blood
mononuclear cells and mutation analysis (see “Results and
Discussion”). At the age of 3 weeks, serum free fatty acids
(FFA) and total ketone bodies (TKB) were measured at 1, 3,
and 6 h after feeding, as shown in Table 1. At the age of
1 month, the boy was discharged from the hospital. The
feeding interval was kept at <6 h to avoid severe
ketoacidosis.

At the ages of 3 months and 4 months, FFA and TKB
(3 h after feeding) were measured, as shown in Table 1.
TKB levels became higher than those at the age of 3 weeks.
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Table 1 Serum free fatty acids

(FFA) and total keytone bodies Age FFA (mM) TKB (mM) FFA/TKB
(TKB)
3 weeks 1 h after feeding 0.20 0.24 0.83
3 h after feeding 0.17 0.15 1.13
6 h after feeding 0.46 0.81 0.57
3 months 3 h after feeding 0.53 2.54 0.21
4 months 3 h after feeding 0.39 1.49 0.26
7 months Ketoacidotic crisis 1.84 29.1 0.06
2 days after crisis 0.97 0.54 1.80
1.5 years Mild ketoacidotic crisis ND 10.3 NA
ND not determined, N4 not 3 years 7 months Mild ketoacidotic crisis 1.61 11.2 0.14
applicable Reference values* Fed state 0.10-0.30
*Reference values are from 15-h fast 0.5-1.6 0.10-0.70 0.6-5.2

Bonnefont et al. 1990

At the age of 7 months, he developed his second
ketoacidotic crisis for no clear reason and was again
hospitalized. The laboratory findings were blood pH
7.059, PCO, 20.2 mmHg, bicarbonate 5.4 mmol/L,
glucose 2.2 mmol/L, and TKB 29.1 mmol/L. Treatment
was begun with intravenous infusion of glucose at 5.5-
7.1 mg/kg/min. He had a bolus injection of 1 mEq/kg of
sodium bicarbonate followed by continuous infusion of
sodium bicarbonate at 1 mEq/kg/h for 8 h. Thirteen hours
after admission, continuous infusion of insulin was also
initiated at a glucose/insulin ratio of 6.2-8.3 g/U, since his
blood glucose levels were rather high (11.0 mmol/L). The
urinary ketone bodies turned negative 2 days after
admission. At the ages of 1 year 7 months and 3 years
7 months, he exhibited his third and fourth episodes of
ketoacidotic crisis due to acute gastroenteritis. Blood pH
was 7.280, PCO, 20.3 mmHg, bicarbonate 9.2 mmol/L,
and TKB 10.3 mmol/L in the third episode, and blood pH
was 7.192, PCO, 17.3 mmHg, bicarbonate 6.4 mmol/L in
the fourth episode. FFA and TKB during the episodes are
shown in Table 1. GS21 recovered by continuous infusion
of glucose only during both episodes. At the age of 3 years
and 5 months, he was 93.4 cm in height (50th percentile),
11.95 kg in weight (10th percentile), and had a head
circumference of 50.4 cm (50th—75th percentile). The
patient is now 3 years and 9 months old, and his motor and
mental development are within normal range. The feeding
interval has been prolonged up to 12 h. His urinary ketone
bodies usually range from negative to 1+ but sometimes
show 3+ without any symptoms.

Enzyme assay

Informed consent for enzymatic diagnosis and molecular
analysis was obtained from the parents of GS21. This study
was approved by the Ethical Committee of the Graduate
School of Medicine, Gifu University. Assays for acetoacetyl-

CoA thiolase and for SCOT were as previously described
(Fukao et al. 1997; Song et al. 1997) using acetoacetyl-
CoA as a substrate and measuring its disappearance
spectrophotometrically.

Mutation analysis

Total RNA was purified from peripheral blood mononuclear
cells with an ISOGEN kit (Nippon Gene, Tokyo, Japan).
Real-time polymerase chain reaction (RT-PCR) was as
previously described (Kassovska-Bratinova et al. 1996).
Mutations were detected by amplifying cDNA spanning the
full-length coding sequence and by sequencing ten clones.
Genomic DNA was purified with a Sepa Gene kit (Sanko
Junyaku, Tokyo, Japan). Mutation analysis at the genomic
level was done by PCR for each exon and its intron
boundaries (at least 50 bases from the exon/intron bound-
aries for both directions), followed by direct sequencing
(Fukao et al. 2000).

Transient expression analysis

Mutant expression vectors were made using a QuikChange
Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA,
USA) and were confirmed by sequencing. Wild-type and
mutant SCOT expression vectors (4 pg) were first trans-
fected using Lipofectamine 2000 (GIBCO BRL Invitrogen
Inc.,, Carlsbad, CA, USA) in ~10°> SV40-transformed
SCOT-deficient fibroblasts of GS01 (Kassovska-Bratinova
et al. 1996; Fukao et al. 2004). One microgram of the
cytosolic acetoacetyl-CoA thiolase (CT)-expressing vector,
pCAGGSct (Song et al. 1994), was cotransfected to
monitor transfection efficiency. Transfection was done at
37°C for 24 h, then a further 48-h incubation was done at
37°C. The cells were harvested and stored at —80°C until
SCOT and CT activities were assayed. Immunoblotting was
done using a mixture of an anti-thuman SCOT) antibody

@ Springer



J Inherit Metab Dis

(Song et al. 1997) and anti-(human CT) antibody (Song et al.
1994) as the first antibody (Fukao et al. 1997). The quantity
of the mutant protein was estimated densitometrically,
comparing it to the signal intensities of serially diluted
samples of the wild-type SCOT protein.

Structural analysis

For analyzing putative structural effects of mutations on the
SCOT protein, the recently determined crystal structure
from the Structural Genomics Consortium [Protein Data
Bank (PDB) entry 3DLX] of human SCOT was taken as a
starting point. The structure was subjected to further
crystallographic refinement using PHENIX (Adams et al.
2010) and COOT (Emsley and Cowtan 2004), including the
addition of missing side chains and rebuilding the solvent
network.

A)

N220_I222dup i[

T435N/N220_1222dup

T435N

wild-type

Results and discussion
Molecular diagnosis and characterization of mutations

SCOT activity in GS21°s peripheral blood mononuclear
cells was apparently much lower than two controls
(GS21:0.25, control 1: 2.4, control 2: 3.9 nmol/min/mg of
protein). Hence, we tentatively diagnosed him as having
SCOT deficiency. Since we could not draw blood for a
repeat of the enzyme assay at the age of 1 month and skin
biopsy was not acceptable to the parents, we performed
mutation analysis to confirm the diagnosis. The full coding
sequence of SCOT cDNA from GS21 was sequenced
after subcloning. Mutations ¢.658-666dupAACGTGATT
p-N220_I222dup. and ¢.1304C > A (T435N) were
separately identified in six and four clones, respectively.
No other mutations were found at the cDNA level. We
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Fig. 1 Transient expression analysis of T435N and N220_I222dup
mutant complementary DNAs (cDNAs). Transient expression analysis
was performed at 37°C. Expression vectors (4 ug) were transfected.
T435N/ N220_I1222dup indicates a cotransfection of 4 ug each of two
mutant expression vectors for T435N and N220_I222dup. a Succinyl-
CoA:3-ketoacid CoA transferase (SCOT) enzyme assay. SCOT
activity in the supernatant of the cell extract was measured. The mean
values are shown together with the standard deviation (SD) of three
independent experiments. b Immunoblot analysis. The protein
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amounts applied are shown above the lanes. We used previously
described rabbit polyclonal antibodies, which we made (Song et al.
1994, 1997), and ProtoBlot Western blot AP system (Promega,
Madison, WI, USA). The first antibody was a mixture of an anti-
human cytosolic thiolase (CT) antibody and anti-human SCOT
antibody. The positions of the bands for CT and SCOT are indicated
by arrows. Immunoblotting was done using a mixture of an anti-
(human SCOT) antibody (Song et al. 1997) and anti-(human CT)
antibody (Song et al. 1994) as the first antibody (Fukao et al. 1997)
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confirmed these mutations at the genomic level. Familial
analysis showed that the 9-bp duplication was inherited
from the mother and ¢.1304C > A (T435N) from the
father. The 9-bp duplication was a novel mutation and
T435N was previously reported in Japanese patients
(Fukao et al. 2004).

Transient expression analysis of the ¢.658-666dupAACGT
GATT p.N220_1222dup cDNA showed no residual activity
(Fig. 1a), and the N220_1222dup SCOT protein was not
detected in immunoblot analysis (Fig. 1b). Since SCOT
protein is a homodimer and the T435N mutant retains
significant residual SCOT activity, as previously reported
(Fukao et al. 2004), we investigated possible interallelic
influence between T435N and N220_1222dup by cotransfec-
tion of these two mutant cDNAs. However, no apparent
interallelic complementation or dominant negative effect were
observed.

The T435N mutation was previously identified in two
Japanese SCOT-deficient families from the Amami islands
(Fukao et al. 2004). There was no apparent consanguinity
or relationship between these two families, and the patients
were homozygotes of T435N. Since the Amami islands
have a population of about 120,000, this mutation might be

Fig. 2 Tertiary structure around
mutations. a A human succinyl-
CoA:3-ketoacid CoA transferase
(SCOT) dimer, with E344
(highlighting the active site of
SCOT) in blue, N220_I222 in
yellow, and T435 in orange. The
two monomers are shown in
green and light blue. b Detailed
surroundings of T435 (orange).
Note the side chain is buried in a
hydrophilic environment,
making a hydrogen bond with a
backbone oxygen. There are
also additional potential
hydrogen bonding partners in
the vicinity. ¢ The N220_1222
(in yellow) correspond to a short
buried beta strand in a tightly
packed environment. The dimer
interface is at the fop in this
view

prevalent in that region. However, the father of GS21, who
carries the T435N mutation, has no relation to the islands as
far as he knows.

Recently, the crystal structure of human SCOT was
determined (PDB entry 3DLX). The SCOT protein is a
homodimer; both T435 and N220 1222 lie close to the
SCOT dimerization interface and are not directly
connected to the active site. Their overall localization in
the context of the dimer is shown in Fig. 2a. T435 lies in a
loop, with the side chain pointing inward to a rather
hydrophilic environment (Fig. 2b); the hydroxyl group
makes a hydrogen bond with a backbone carbonyl group
from V394. Thus, it is expected that a T435N substitution
will perturb the SCOT structure only a little, being able to
make hydrogen bond interactions. This is also reflected in
the fact that the T435N mutation is associated with
significant residual SCOT activity. NVI220-222 is a short
beta strand from a beta sandwich domain involved in SCOT
dimerization (Fig. 2¢). This small domain also contains
other previously identified SCOT point mutations, namely,
G219E, V221M, R224K, and R268H (Fukao et al. 2000,
2007; Yamada et al. 2007), making it a hot-spot for SCOT
mutations. The small beta sandwich is tightly folded, and
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one can expect a duplication of three residues within the
beta strand to disrupt its folding. This might affect the
overall folding of the SCOT monomer and/or the formation
of functional SCOT dimers.

Song et al. 1998

Clinical issues

GS21 developed his first ketoacidotic crisis at the age
of 2 days, although one of his mutated alleles retained
residual SCOT activity. Almost half of the patients
with' SCOT deficiency develop their first ketoacidotic
crisis at the age of 2-4 days (Mitchell and Fukao
2001). We summarized the mutations and their clinical
phenotypes for several SCOT-deficient patients, includ-
ing GS21, in Table 2. GS10, a homozygote of the R268H
mutation, which retained residual activity, also developed
his first ketoacidotic crisis at the age of 2 days, whereas
his sibling (GS10s) with the same mutation developed
her first crisis at the age of 6 months (Fukao et al. 2007).
On the other hand, GK15, a homozygote of the null
mutation, R217X, developed her first ketoacidotic crisis
at the age of 8 months (Longo et al. 2004). Neonatal
onset, hence, does not appear to be related to residual
SCOT activity.

Permanent ketosis, or ketonuria, is a pathognomonic
feature of SCOT deficiency (Mitchell and Fukao 2001).
* We previously reported that patients (GS08, GS09, and
GS09b) who are homozygous for T435N did not show
permanent ketosis or ketonuria (Fukao et al. 2004). In the
case of GS21, the blood levels of FFA and TKB at 3
h after feeding were measured at the ages of 3 weeks,
3 monthsm and 4 months (Table 1). The level of TKB at
the age of 3 weeks (0.15 mmol/L) was much less than
those at the ages of 3 months and 4 months (2.54,
1.59 mmol/L, respectively). The FFA/TKB ratio at the
ages of 3 and 4 months was 0.21 and 0.26, respectively,
but was nearly 1.0 at the age of 3 weeks. In the cases of
SCOT-deficient patients, this ratio was reported to be <0.3
early in a fasting test (Bonnefont et al. 1990). Even at
6 h after feeding at the age of 3 weeks, the level of TKB
was 0.81 and the ratio was 0.57. These facts may mean
that a hyperketotic status is not apparent during a
nonepisodic condition in the neonatal period. The blood
levels of FFA and TKB were not available during the age
of 2-3 years, but urinary ketone bodies varied from
negative to 3+ without any symptoms in GS21 and were
always positive in GS02 and GS02s, whose mutations do
not retain residual SCOT activity (Sakazaki et al. 1995).
Hence, GS21 has no permanent ketonuria. It is very
important to state that SCOT deficiency is the most
probable diagnosis if permanent ketosis/ketonuria is
present but that SCOT deficiency is not excluded even if
permanent ketosis/ketonuria is absent.

Pretorius et al. 1996 Fukao et al. 2007

Longo et al. 2004

Pretorius et al. 1996 Fukao et al. 2007
Fukao et al. 2004

Sakazaki et al. 1995 Song et al. 1998

Fukao et al. 1996
Fukao et al. 2004

Fukao et al. 2004
This study
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Carnitine Palmitoyltransferase 2 Deficiency: The Time-Course of
Blood and Urinary Acylcarnitine Levels during Initial L-Carnitine

Supplementation
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Carnitine palmitoyltransferase 2 (CPT2) deficiency is one of the most common mitochondrial beta-oxidation
defects. A female patient with an infantile form of CPT2 deficiency first presented as having a Reye-like
syndrome with hypoglycemic convulsions. Oral L-carnitine supplementation was administered since serum
free carnitine level was very low (less than 10 zmol/L), indicating secondary carnitine deficiency. Her serum
and urinary acylcarnitine profiles were analyzed successively to evaluate time-course effects of L-carnitine
supplementation. After the first two days of L-carnitine supplementation, the serum level of free carnitine
was elevated; however, the serum levels of acylcarnitines and the urinary excretion of both free carnitine
and acylcarnitines remained low. A peak of the serum free carnitine level was detected on day 5, followed
by a peak of acetylcarnitine on day 7, and peaks of long-chain acylcarnitines, such as C16, C18, C18:1 and
C18:2 carnitines, on day 9. Thereafter free carnitine became predominant again. These peaks of the
serum levels corresponded to urinary excretion peaks of free carnitine, acetylcarnitine, and medium-chain
dicarboxylic carnitines, respectively. It took several days for oral L-carnitine administration to increase the
serum carnitine levels, probably because the intracellular stores were depleted. Thereafter, the
administration increased the excretion of abnormal acylcarnitines, some of which had accumulated within
the tissues. The excretion of medium-chain dicarboxylic carnitines dramatically decreased on day 13,
suggesting improvement of tissue acylcarnitine accumulation. These time-course changes in blood and
urinary acylcarnitine levels after L-carnitine supplementation support the effectiveness of L-carnitine
supplementation to CPT2-deficient patients.

Keywords: carnitine palmitoyltransferase 2; CPT2; L-carnitine; acylcarnitine profile; carnitine administration
Tohoku J. Exp. Med., 2010, 221 (3), 191-195. © 2010 Tohoku University Medical Press

Carnitine palmitoyltransferase 2 (CPT2) deficiency (EC
2.3.1.21, OMIM 600650) is one of the most common disor-
ders of mitochondrial fatty acid oxidation. CPT?2 deficiency
has several clinical presentations (Bonnefont et al. 1999).
The adult form is characterized by episodes of rhabdomyol-
ysis triggered by prolonged exercise. The infantile form
presents as severe attacks of hypoketotic hypoglycemia,
occasionally associated with sudden infant death or a Reye-
like syndrome (Demaugre et al. 1991; Hug et al. 1991). The
most severe kind, the neonatal form, is almost always lethal

during the first month of life.

Secondary carnitine deficiency, characterized by low
levels of total and free carnitines associated with an increase
in the long-chain acylcarnitine fraction, is observed in the
infantile form of CPT2-deficient patients (Bonnefont et al.
2004; Longo et al. 2006). Hence, L-carnitine supply might
be useful in severe CPT2 deficiencies (Bonnefont et al.
2004), although supplementation with L-carnitine in

- patients with beta-oxidation defects of long-chain acyl-CoA

has long been a matter of controversy (Costa et al. 1998;
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Liebig et al. 2006; Primassin et al. 2008).

In this report, we describe a CPT2-deficient patient
who presented as having a Reye-like syndrome with sec-
ondary carnitine deficiency. We focused on time-dependent
changes in the serum and urinary acylcarnitine profiles after
intial L-carnitine supplementation.

Clinical Report

The patient, a female, was born to nonconsanguineous
Japanese parents. She had been well until 15 months of age
when she suddenly had tonic-clonic convulsions at 3:00 a.m.
for about 30 minutes and became unconscious. Ten days
before the convulsions, she had a cold and was given
Cefteram pivoxil (CFTM-PI) for four days. When she
arrived at another hospital, she had hypoglycemia (blood
glucose 1.1 mmol/L), hepatic dysfunction (AST 85 IU/L,
ALT 55 IU/L, LDH 402 IU/L), and mild hyperammoniemia
(NH3 84 ymol/L). Urinary ketones were not detected. Brain

MRI and cerebrospinal fluid were normal. She was sus-
pected of being affected by a Reye-like syndrome and trans-
ferred to Gifu University Hospital.

On admission, her height was 72 ¢cm (~1.5s.D.) and her
weight was 10 kg (+0.73s.p.). She had a fever (38.3°C) and
exhibited lethargy. Physical examination revealed mild
hepatomegaly. A laboratory test showed AST 382 IU/L,
ALT 441 IU/L, LDH 557 IU/L, PT 31%, NH3 84 ymol/L,
and blood glucose 4.7 mmol/L.

We tentatively diagnosed her as having a Reye-like
syndrome and treated her with intravenous glucose. Her
consciousness level became clear on the 4™ hospital day and
she started oral intake of food. An abdominal CT scan still
showed hepatomegaly and a fatty liver (20HU) on the 6"
hospital day. The finding of cardiac ultrasonography was
normal. Urinary organic acid analysis during the hypogly-
cemic condition showed hypoketotic dicarboxylic aciduria.
The initial measurements of serum free carnitine and acyl-

Table 1. Time-course of serum and urinary acylcarnitine levels measured by tandem MS.

Day -1 3 5 7 9 13

Serum (zmol/L) range
Co 10-55 2.98 12.70 40.75 2431 18.49 58.22
Cc2 4-60 2.25 3.85 14.87 20.15 8.37 14.8
C8 -1.0 0.035 0.024 0.088 0.058 0.073 0.10
C8DC -0.25 0.035 0.046 0.12 0.89 0.97 0.063
Cl10 -0.8 0.055 0.062 0.25 0.12 0.17 0.21
C10DC -0.1 0.063 0.12 0.24 0.33 0.53 0.19
Cl2:1 -0.2 0.038 0.038 0.18 0.15 0.15 0.091
Cl12DC -0.05 0.053 0.064 0.19 0.14 0.27 0.054
Cl4:1 -0.1 0.075 0.16 0.47 0.58 0.68 0.18
Cl6 -0.5 1.01 1.29 2.99 4.45 8.07 2.56
C18 -0.3 0.49 0.65 1.46 1.67 3.07 0.99
Ci8:1 -0.46 1.50 1.84 421 6.09 10.03 3.62
C18:2 -0.3 0.46 0.67 1.47 1.43 2.05 0.98
(C16+Cl18:1)/C2 -0.36 1.12 0.81 0.48 0.52 2.16 0.42
C total 12.35 26.74 86.07 84.99 67.46 85.52

Urine (umol/mmol Cr) range*
Co 5.67 - 56.09 0.61 1.31 82.33 37.85 45.95 329.15
c2 6.87 - 60.48 0.56 0.02 25.44 128.00 41.83 53.58
C4 0.07-0.74 0.31 0.47 0.92 0.47 1.38 2.32
C6 0.04 -0.48 0.18 0.09 0.21 0.22 0.61 0.23
C6DC 1.25 1.34 1.63 15.69 83.33 293
Cc8 0.05-0.39 '0.00 0.02 0.33 0.98 1.33 0.62
C8DC 0.25 0.52 0.83 23.90 122.99 1.11
C10 0.03-0.36 0.05 0.06 0.11 2.66 1.76 0.12
C10DC 0.11 0.02 0.10 0.75 4.03 0.08
C12DC 0.00 0.02 0.01 0.23 1.52 0.01
C16 0.05-1.55 0.04 0.02 0.02 0.18 0.63 0.08
C total 4.75 6.86 122.16 226.51 344.91 408.34

* Reference values for urine acylcarnitines were obtained from data reported by Mueller et al. (2003)

(10th - 90th percentile)



Changing Acylcarnitine Profiles in a CPT2-Deficient Patient
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Fig. 1. Time-course of serum and urinary acylcarnitine levels measured by tandem MS. The levels of representative acylcar-
nitines are shown. The first day of L-carnitine supplementation is designated as day 1. Urinary carnitines were assayed

using the first urine in the morning.

carnitine fractions by the enzymatic cycling method were 9.5
and 5.9 ymol/L, respectively. The initial serum acylcarni-
tine profile (Table 1) showed a very low free carnitine level
and relatively high long-chain acylcarnitine levels. This
profile was compatible with the secondary carnitine defi-
ciency due to CPT2 or translocase deficiency.

After confirmation of the carnitine deficiency, we sup-
plied her with L-carnitine orally from the 15" hospital day
(day 1 in the Table 1 and Fig. 1) at a dose of 50 mg/kg/day
for the first two days and 100 mg/kg/day from day 3. Blood
and urinary samples were obtained before plus 3, 5, 7, 9 and
13 days after L-carnitine supplementation. During carnitine
supplementation, the patient had continuous intravenous
glucose infusion of 2.5 mg/kg/min until day 11. We ana-
lyzed the serum and urinary acylcarnitines by tandem mass
analysis, as previously reported (Mueller et al. 2003;
Kobayashi et al. 2007a,b). Table 1 shows details of the
analyses. Fig. 1 shows the changing patterns of free carni-
tine (CO0), acetyl-carnitine (C2), C8DC representing medi-
um-chain dicarboxylic acylcarnitines, and C16 representing
long-chain acylcarnitines in the serum and urine. Urinary
excretion of CO and acylcarnitines remained at very low
levels on day 3. Sequential peaks of free carnitine (day 5),
acetylcarnitine (day 7), and long-chain acylcarnitines (day 9)
were found in the serum, which corresponded to peaks of
free carnitine, acetylcarnitine, and dicarboxylic medium-
chain acylcarnitines in the urine.

The fatty liver and hepatomegaly improved as judged
by an abdominal CT scan on the 26™ hospital day (day 13).

Informed consent for a skin biopsy, enzyme assay, and DNA
was obtained from the parents. CPT2 activity in the
patient’s fibroblasts was 0.18 nmol/min/mg of protein (3
controls; 0.82, 1.27, and 1.26 nmol/min/mg of protein),
confirming the diagnosis of CPT?2 deficiency.

Now the patient is 4 years of age. After carnitine sup-
plementation, she did not experience hypoglycemia at all.
She is being treated with 1,000 mg L-carnitine/day (current
body weight 19.8 kg). Her growth and development are
within normal ranges. She had some rhabdomyolysis
attacks (the highest CK recorded was 16,769 IU/L) during a
febrile illness even after L-carnitine supplementation.

Discussion

The diagnosis of CPT2 deficiency was first suspected
by the data on urinary organic acid analysis and acylcarni-
tine analysis and was confirmed by enzyme assay using
fibroblasts. Our patient is a compound heterozygote of a
previously reported E174K mutation from the father and an
unknown mutation from the mother which was not detected
by exon sequencing. According to an in vitro expression
analysis of mutant CPT2 ¢cDNAs carrying E174K, the
mutant E174K protein was present as much as a wild type
protein and retained 10% residual CPT2 activity (Wataya et
al. 1998). This “mild” mutation from the father, togcthi:r
with possible null mutation from the mother, may result in
an infantile form of CPT2 deficiency. N _

Initially, she developed secondary carnitin d_ef.xcn':nc_'v_
Chronic administration of pivalate-conjugatcd antibiotics is



