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Genetic Counseling of Spinal Muscular Atrophy

Mari URANO and Kayoko SAITO
Institute of Medical Genetics, Tokyo Women’s Medical University

In recent years, significant progress has been made in molecular genetics, and researchers have identified

many gene mutations responsible for diseases. The range of useful information in genetic counseling has in-
creased not only for definitive diagnosis but in terms of medical treatment and prevention. Additionally, gene in-
formation is now applicable to prenatal diagnosis. Thus, it has become more important to provide appropriate ge-
netic counseling. We herein describe genetic counseling for spinal muscle atrophy.

Key Words: spinal muscular atrophy, genetic counseling, prenatal diagnosis, self-determination
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Genetic counseling

Process

appointment
il about their disease

pre-counseling meeting
|

date of first visit

major complaint, point to be checked for accompanying person, gathering information
preparations for the institution which can possibly carry out the genetic testing

genetic information on proband, plus clinical features, pedigree construction, family

i tree construction, providing information to the patient about medical genetics

staff conference case conference

!

after the 2nd visit
} medical genetics

follow-up care

supplementary information on the proband, provide information to the patient about

Fig. 1 Process of Genetic counseling
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{1) Prenatal testing and diagnosis options during the first half of pregnancy include cytogenetics, biochemical genetics,
molecular genetics, and histopathological methods employing amniotic fluid, villus cells, and other embryonic sam-
ples, as well as the physical procedure of ultrasound examination.

(2) In performing prenatal genetic inspection and diagnosis, care must be taken regarding ethical, including social,
concerns. Care must especially be taken in terms of the following points.

(a) Before prenatal testing. we provide relevant explanations about the possibility of an infant having a disease,

the diagnostic limits of laboratory procedures, and risks and adverse effects on the mother and the fetus. We

also offer sufficient genetic counseling.

(b) Implementation of testing necessitates sufficient fundamental training and must be carried out by obstetri-
cians and gynecologists who have mastered safe and appropriate inspection techniques, or have been given

adequate instruction.

(3) Invasive prenatal testing and diagnosis employing chorionic villus sampling, amniocentesis, and so on, have given
couples hope about pregnancy for the following reasons, and can be performed when understanding of the mean-

ing of a test is sufficient.

(a) When either the husband or the wife is a gene carrier of a chromosome abnormality
(b) When there is a past history of having given birth to a child suffering from a chromosome abnormality.

(¢} In pregnant women of advanced age

(d) In pregnant women who are heterozygote carriers of an X-linked hereditary disease associated with a serious

illness in the newborn period or during childhood

{e) When both the husband and the wife are heterozygotes for an autosomal-recessive-inheritance disease associ-
ated with a serious illness in the newborn period or during childhood

(f) When either the husband or the wife is a heterozygote with a critical autosomal-dominant-inheritance disease
associated with a serious illness in the newborn period or during childhood

{g) In addition, when a fetus is suspected to possibly have serious of life-threatening disease.

Fig. 2 Prenatal diagnosis (Genetic testing guidelines derived from consensus of ten re-

lated societies)
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LETTER TO THE EDITOR

Journal of the Peripheral Nervous System 18:97-98 (2013)

INF2 mutations in Charcot-Marie-Tooth disease
complicated with focal segmental glomerulosclerosis

Dear Editor,

Charcot-Marie-Tooth (CMT) disease is the most
common inherited peripheral neuropathy affecting
motor and sensory nerves of the peripheral
nervous system. The disease is genetically highly
heterogeneous and is classified into demyelinating,
intermediate, and axonal forms based on nerve
conduction studies. The clinical phenotype of CMT
is also variable, and a group of patients has been
reported in association with renal diseases especially
focal segmental glomerulosclerosis (FSGS) (Paul et al.,
1990). Recently, inverted formin 2 (INF2) mutation
was identified as a major cause of CMT associated
with FSGS (Boyer et al., 2011). We encountered
three patients with CMT associated with FSGS and
attempted to find the cause.

Case 1 showed no abnormality at birth or during
development. She had a similarly affected younger
brother (case 2). Her non-consanguineous parents
were healthy and had no symptoms of renal or
neuromuscular diseases. She was initially found to
have proteinuria at 11years old at an annual school
health check-up. She received steroid therapy, but did
not respond to it. She was diagnosed with FSGS
based on the findings of renal biopsy and was
treated with immunosuppressant therapy including
cyclosporine administration. She did not respond to the
therapy, and received peritoneal dialysis from 14 years.
At that time, she complained of gait disturbance
and showed distal muscle weakness and atrophy
of the upper and lower extremities. On examination
at 15vyears, she showed steppage gait, pes cavus,
distal muscle weakness and atrophy of the upper
and lower extremities, and decreased deep tendon
reflexes of the lower extremities, but had no sensory
disturbances. Electrophysiological studies showed
decreased motor nerve conduction velocities (MCV)
{20 and 19 m/s) in the bilateral median nerves.
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Case 2 was a younger brother of case 1. He
showed proteinuria from 7years and was further
examined with his sister {case 1). He showed 1g
of urinary protein excretion in a day, serum protein
of 6.8¢g/dl, serum albumin of 4.0g/dl, and serum
cholesterol of 249 mg/dl. Against the steroid therapy,
he showed increased urinary protein excretion,
decreased serum protein and albumin, and increased
serum cholesterol. Renal biopsy at 11 years showed
the pathological change as FSGS. He was treated with
angiotensin-converting enzyme inhibitor. At age 12, he
showed steppage gait, distal muscle weakness and
atrophy of the upper and lower extremities, decreased
deep tendon reflexes of the lower extremities, and
no sensory disturbances. Electrophysiological studies
showed mildly decreased MCV (30 m/s) in the right
median nerve.

Case 3 had no abnormality at birth or during devel-
opment. His father died of malignant lymphoma at
62 years. But his parents and two siblings did not have
any symptoms of renal and neuromuscular diseases.
He was noted to have pes cavus at 10years, and
showed steppage gait and distal muscle weakness of
the lower extremities at 11 years. He received surgery
for pes cavus, and physical and orthopedic supports at
12 years. However, he showed gradual deterioration
of the distal muscle weakness and atrophy of the
upper and lower extremities. He was also noted
to have proteinuria at 14years at a school health
check-up. He showed a deteriorated renal function,
and received hemodialysis from 17years and con-
tinuous ambulatory peritoneal dialysis from 26 years.
He also had Schwannomas in his neck, spine, pelvic
cavity, and left lower extremity, and received surgical
resection of cervical one at 29years. At 36years,
he showed steppage gait and impaired hand motor
skills. He had prominent distal muscle weakness and
atrophy of the upper and lower extremities, wrist drop,
claw hands, glove and stocking sensory disturbance,
and no deep tendon reflexes. He had a subcutaneous
nodule on his neck, but with no café au lait spots on
the skin. No motor or sensory action potentials were
detected on nerve conduction velocity studies.
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To identify the common mechanism underlying
CMT and FSGS, we analyzed the major causing
genes of CMT in three patients, but they were
negative for mutations of PMP22, MPZ, LITAF, NEFL,
GJB1, GDAP1, EGR2, MFN2, RAB7, GARS, HSP27,
HSP22, GJB1, and NDRG1 using methods described
previously (Abe et al., 2011). Finally, we analyzed INF2
and detected the heterozygous ¢.206T>C mutation
leading to p.L6YP in cases 1 and 2, and the
heterozygous ¢.323T>A mutation leading to p.V108D
in case 3. Two novel mutations located in exon 2
encoding the diaphanous inhibitory domain (DID) were
not detected in 100 healthy control individuals. The
€.206T>C {p.LBIP) mutation was not detected in the
parents of cases 1 and 2. Paternity by genotyping was
consistent with the given family structure, suggesting
that one of the parents had germline mosaicism.

INF2 is a member of the formin family and has a
domain structure similar to the diaphanous formins
(Drfs): a DID, formin homology 1 and 2 domains
(FH1 and FH2), and a diaphanous autoregulatory
domain (DAD) (Chesarone et al., 2010). Brown et al.
(2010) found INF2 mutation in patients with autosomal
dominant isolated FSGS, and Boyer et al. (2011)
detected its mutation in 75% of patients with FSGS
associated with CMT. INF2 has been demonstrated to
be strongly expressed in Schwann cell cytoplasm and
podocytes. All mutations detected in isolated FSGS
and in FSGS associated with CMT are located in the
DID domain. However, each mutation is distributed in
different parts of the DID, and the mutations detected
in all cases including our three cases with FSGS and
CMT are located in the inner face of the central core
of the DID, suggesting that they could severely affect
DID function and disrupt the interaction of INF2 with
myelin-specific proteins leading to an association of an
early-onset renal insufficiency with intermediate type
of CMT (Boyer et al., 2011).

It is interesting to note that case 3 was
further complicated with schwannomatosis. Formin
family proteins are key regulators of actin and
microtubule cytoskeletal dynamics during cell division
and migration, especially during cytokinesis. It was
also reported that formin {mDia) family proteins
might mediate the disease progression role of the
adenomatous polyposis coli familial colon cancer tumor
suppressor gene (Wen et al., 2004). We analyzed NF2
and or SMARCBT1 in case 3, but we could not find
any mutation leading to schwannomatosis (DelWard
etal., 2010; Rodriguez et al., 2012). Schwannomatosis
should be remarked as a complication in further case
carrying INF2 mutation. The biological complexity of
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INF2 is likely to be associated with a variety of
symptoms in patients carrying the mutation.

Sincerely,

Kentaro Toyota’, Daisuke Ogino’, Makiko Hayashi',
Masashi Taki, Kayoko Saito®, Akiko Abe', Tagko
Hashimoto!, Kazuo Umetsu®, Hiroyasu Tsukaguchi®,
and Kiyoshi Hayasaka'

"Department of Pediatrics, Yamagata University
School of Medicine, Yamagata, ?Department of
Pediatrics, Shigei Medical Research Hospital,
Okayama; ° Institute of Medical Genetics, Tokyo
Women's Medical University, Tokyo; #Department of
Forensic Medicine, Yamagata University School of
Medicine, Yamagata,; and ® 2nd Department of Internal
Medicine, Kansai Medical University, Osaka, Japan
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ABSTRACT

BACKGROUND: Of the numerous clinical trials for Duchenne muscular dystrophy, only the corticosteroid prednis-
olone has shown potential for temporal improvement in motor ability. In this study, the effects of prednisolone on
intellectual ability are examined in 29 cases of Duchenne muscular dystrophy because little information has been
reported. And also, motor functions and cardiac functions were evaluated. METHODS: The treated group was
administered prednisolone (0.75 mg/kg) orally on alternate days and the compared with the untreated control
group. Gene mutations were investigated. The patients were examined for intelligence quotient adequate for age,
brain natriuretic peptide, creatine kinase, and manual muscle testing before treatment and after the period
6 months to 2 years. RESULTS: Intelligence quotient scores of the treated increased to 6.5 4 11.9 (mean = standard
deviation) were compared with the controls 2.1 4 4.9 (P = 0.009). Intelligence quotient scores of the patients with
nonsense point mutations improved significantly (21.0 + 7.9) more than those with deletion or duplication
(1.9 £ 9.0; P = 0.015). Motor function, such as time to stand up, of those treated improved significantly and brain
natriuretic peptide level was reduced to a normal level after treatment in 15 patients (73%). CONCLUSIONS: Our
results demonstrate the effectiveness of prednisolone in improving intellectual impairment as well as in preser-
ving motor function and brain natriuretic peptide levels. We presume that prednisolone has a read-through effect
on the stop codons in the central nervous systems of Duchenne muscular dystrophy because intelligence quotient
of point mutation case was improved significantly.

Keywords: Duchenne muscular dystrophy, prednisolone, cognition, motor function
Pediatr Neurol 2014; 50: 31-37

© 2014 Elsevier Inc. All rights reserved.

Introduction

Duchenne muscular dystrophy (DMD) is the most com-
mon type of childhood muscular dystrophy. It is charac-
terized by progressive muscle weakness and deterioration
of skeletal and cardiac muscle function. DMD is an X-linked
recessive disorder, caused by mutations in the DMD gene in
Xp21.1, leading to complete absence of the cytoskeletal
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protein dystrophin in both skeletal and cardiac muscle
cells.! Several treatments involving drugs with read-
through effects have attracted major interest, such as the
amino glycoside antibiotic gentamicin®? and PTC124* as
well as antisense morpholinos that cause exon skipping.’
These treatments are, however, being administered only
as clinical research regimens at present and have not yet
reached the stage of extensive clinical application. The only
widely used clinically effective treatment for DMD patients
is oral administration of prednisolone (PSL). This treatment
was highly evaluated, as evidence level 1, by the US
Neurology Academy and at the US Pediatric Neurology
Meeting in 2005.°

PSL is believed to temporarily slow motor function
decline and disease progression. In our daily examination of
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TABLE.
Comparison of two groups before PSL
Treated Group (n = 20)" Control Group (n = 9)" t Test
(P < 0.05)

Age at treatment onset (yr) 5.9+ 0.2 6.1 + 0.6 P = 0.7099
Time required to stand before PSL (seconds) 39+03 46+ 48 P=0.5711
Gluteus maximus muscle strength before PSL 3.4+0.1 34+02 P = 0.2250
lliopsoas muscle strength before PSL 34 +0.1 35+03 P =0.0944
CK (IU/L) before PSL 15,492 + 1662 14,414 + 1091 P=0.3317

Abbreviations:

CK = Creatine kinase

PSL = Prednisolone

SE = Standard error
» Mean =+ SE.

patients, we recognized that PSL administration improves
responsiveness, verbal rapport, and motor functions in
DMD patients. Thus, we hypothesized that PSL also has an
ameliorating effect on central nervous system dysfunctions,
including intellectual impairments.

In this study, we measured intelligence quotients (IQs) to
evaluate intellectual abilities before and from 6 months to
2 years after starting PSL administration. We used the
Stanford-Binet Intelligence Test (5th edition), which is the
standardized version of the Stanford-Binet method applied
in Japan for evaluating preschool children and the Wechsler
Intelligence Scale for Children, 3rd edition, which is used in
school-age children.

For motor function, we also measured the time required
to stand up and lower limb strength using manual muscle
testing. We measured serum creatine kinase (CK) titers to
assess the state of skeletal muscles.

Furthermore, because 50% of DMD patients develog
heart failure resulting from left cardiac dysfunction,
plasma brain natriuretic peptide (BNP) levels were also
measured to evaluate cardiac muscle function. BNP served
as a marker of cardiac function in the treated group. BNP is
known to be an adequately sensitive marker for detection of
stage 1 heart failure. Furthermore, Sakurai et al reported
correlations between plasma BNP level and indices of
cardiac function.®

Materials and Methods

Identification of genetic mutations

Mutations were investigated in all patients to detect deletion or
duplication of genes by multiplex polymerase chain reaction or multi-
plex ligation-dependent probe amplification using a Holland P0O34/P035
DMD kit (FALCO Biosystems). In patients in whom neither method
revealed any abnormalities, point mutation analyses employing
complementary DNA direct sequencing were performed with messenger
RNA extracted from peripheral blood lymphocytes or biopsied muscle
tissues.

Clinical analyses before and after PSL administration

Twenty-nine DMD patients were divided into a treated group and a
control group. The 21 patients in the treated group (mean age: 5.9 years)
were outpatients between 1994 and 2010 at the Department of Pediat-
rics, or the Institute of Medical Genetics of Tokyo Women's Medical
University. PSL (0.75 mg/kg) was orally administered on alternate
days.”~!" The other eight patients, all with identified gene mutations,
comprised the control group (mean age: 6.1 years). The other eight

patients had been followed at the Department of Pediatrics between
1980 and 1990 and had detailed medical records available (Table).

Investigation of IQ scores

1Q scores were examined before PSL administration and also
6 months to 2 years after starting PSL. IQ scores are numerical values that
express the results of an intelligence test. A score of 80 or above is
considered to be within normal range, whereas a score between 70 and
79 is borderline, 50 to 69 indicates mild intellectual impairment, 35 to 49
indicates moderate intellectual impairment, and 35 or below is classified
as severe intellectual impairment.*> Subjects were divided into three
groups based on the degree of IQ score changes, namely, an increase
group, in which IQ scores increased by 10 or more points; an unchanged
group, in which 1Q score changes were within 0 to 10 points; and a
decrease group, in which 1Q scores dropped by 10 or more points after
PSL administration.

The 1Q testing method was selected according to the age and devel-
opmental stage of each subject. The 1Q testing methods differ before and
after school age. In preschool children, IQ might be measured by WPSSI
(Wechsler Preschool and Primary Scale of Intelligence). In Japan,
however, the WPSSI-IV is not as yet a standard test, whereas the WPSSI-
Il was in use for 30 years, although it would not now be considered
appropriate. Therefore, a standardized version of the Stanford-Binet
method has been adopted for preschool children. For school-age
children, 1Q should be measured employing the Wechsler Intelligence
Scale for Children, 3rd edition, which is used to evaluate and measure
both performance and verbal 1Q. We adopted the Japanese version of
Wechsler Intelligence Scale for Children, 3rd edition, for school-age
children in this study.

Measurement of motor functions and CK and BNP levels before and after PSL
administration

The effects of PSL were observed by measuring motor functions,
including the time required to stand up and muscle strength by manual
muscle testing, to compare the treated and control groups. Furthermore,
because 50% of DMD patients develop heart failure resulting from left
cardiac dysfunction, BNP levels were measured in the treated group to
allow comparison of cardiac functions among genetic mutation types.

Time required to stand up. The time required to stand up from a supine to a
standing position was measured in 18 patients in the treated group and
eight in the control group.

Muscle strength. Muscle strength was measured in 16 of the treated
patients and in the eight control group patients who had periodically
undergone manual muscle testing. Because DMD is characterized by
proximal muscle weakness, the strength of the gluteus maximus and
iliopsoas muscles were measured under conditions of both supine hip
flexion and prone hip extension. The strength of the gluteus maximus
and iliopsoas muscles were also investigated. All physical examinations,
including the manual muscle testing, were conducted by the same
doctor.

CK levels. Levels of CK, the skeletal muscle enzyme, were measured in 15
of the treated patients and in the eight control patients, with values of
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- 200 IU/L or less being considered normal. CK titers were studied at
regular visits to our institute. The activity levels on the day of
measurement and the previous day were not taken into consideration.

BNP levels. BNP levels were measured in 15 of the 21 treated patients, with
18 pg/mL or less being considered normal. BNP is known to be an
adequately sensitive marker to detect heart failure at stage 1, when
clinical symptoms are not yet apparent. Sakurai et al (2003) reported the
plasma BNP level to correlate with indices of cardiac function. No
patients in the treated group were taking parasympathetic agents,
adenosine receptor modulating drugs, or angiotensin-converting
enzyme inhibitors, all of which can affect cardiac function. BNP levels
and gene mutilation types were compared.

This study was approved by the Ethics Committee of Tokyo Women’s
Medical University (no. 2116).

Results
Identification of genetic mutations

Of the29 study participants undergoing genetic analysis,
nonsense point mutations were identified in five (control
group 0; treated group 5), exon deletions in 22 (control

140

group 8; treated group 14), and exon duplications in 2
(control group 0; treated group 2).

Clinical and biochemical analyses before and after PSL
administration

Investigation of 1Q scores

The 1Q level had increased significantly in the treated
group 6 months to 2 years after starting treatment, as
compared with the control group. IQ scores of the treated
group were thus increased by 6.5 4 11.9 points (mean + SD)
as compared with those of the controls (2.1 4-4.9) (P = 0.009)
(Fig 1A, B). Differences among the three genetic mutation
types were also compared and the 1Q scores of patients with
nonsense point mutations were increased 21.0 4= 7.9 points,
showing a greater improvement than those with deletion or
duplication mutations (1.9 + 9.0) (P = 0.015) (Fig 1C, D).

Measurements of motor functions and CK and BNP levels
Time required to stand up. The time required to stand up in the
control group was 5.7 4 1.3 seconds (mean + SD), showing a
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marked increase over time, whereas that of the treated
group was 3.3 & 0.2 seconds and was thus unchanged
6 months to 2 years after the start of PSL treatment
(P = 0.031) (Fig 2A).

Muscle strength. The strengths of the gluteus maximus and
iliopsoas muscles were investigated for 6 months to 2 years.
Gluteus maximus muscle strength differed significantly
between the two groups after 2 years. lliopsoas muscle
strength was at 3.5 & 0.9 (mean + SD) in the treated group,
whereas it decreased to 3.1 + 0.2 in the control group
(P = 0.048) (Fig 2B). However, the difference between the
two groups did not reach statistical significance (P = 0.222).
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Evaluation of the muscular power after PSL. (A) The times required to stand
up between treated and control groups (P=0.031); (B) The strength of the
Gluteus maximus muscle by MMT between 2 groups (P=0.048);
(C) lliopsoas muscle strength by MMT between two groups (P=0.222).

CK levels. The patients had high CK levels, which is common
for pediatric DMD patients at the onset of treatment.
However, these levels did not change significantly over the
course of treatment and there was no significant difference
between the two groups at the end of follow-up (P = 0.505)
(data not shown).

BNP levels. After PSL administration, the BNP levels of 15
patients (73%) in the treated group were normal. Of those 15
patients, four had nonsense point mutations, nine had
deletion mutations, and two had duplication mutations.
BNP was significantly lower at 5.1 + 4.0 (mean + SD) in
patients with point mutations 1 year after the start of PSL
administration than the level of 7.7 + 5.5 in those with
deletion and duplication type mutations (P = 0.034) (Fig 3).

Discussion

DMD patients are generally diagnosed at 2-3 years of age.
There is a steady decline in motor function after age 6. By
age 10, braces may be required for walking, and by age 12,
patients are confined to a wheelchair. Most are bedridden
by approximately age 15. A few individuals with DMD who
live beyond their 30s require artificial ventilation because of
diaphragm muscle failure. Intellectual abilities vary widely
among DMD patients. Although some have normal intel-
lectual abilities, others exhibit intellectual impairments.
A few patients do not even attain meaningful words. Others
also have developmental disabilities such as autistic spec-
trum disorders or attention deficit hyperactivity disorders.
Many studies on the 1Q scores of DMD patients have already
been publlshed The mean IQ score among these reports
was reported as 82. Until the 1950s, the intellectual
disability observed in some DMD patients was attributed to
secondary effects of motor disability and muscle weakness,
namely physical and social bamers in addition to the lack of
educational opportunities."® It was subsequently recog-
nized that intellectual impairment is present before the
appearance of the symptoms of muscle weakness and
atrophy. Intellectual impairment was found to be nonpro-
gressive and there were no correlations among IQ scores,
age, and disease progression.'*'® There is, at present, no
evidence supporting the concept that intellectual impair-
ment in DMD patients is a secondary effect of muscle
weakness. Intellectual impairment is now considered to be
caused by genetically determined dysfunctions impacting
the central nervous system.
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Transition of BNP levels after PSL treatment among 3 gene mutation
groups; the lowest in nonsense point mutation.
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When PSL treatment for DMD patients was started, the
daily dosage was high at 2 mg/kg/day. As a result, various
adverse reactions were observed, such as cushingoid facial
features, weight gain, and behavioral abnormalities.
Thereafter, the establishment of appropriate doses was
investigated by comparing side effects at PSL doses of 1.5,
0.75, and 0.3 mg/kg/day administered daily for 6 months by
a consortium on muscular dystrophy.9 In the present study,
the selected PSL dose was administered as an alternate-day
medication regimen of 0.75 mg/kg/day."” Converted into a
daily dose, this would be within a daily medication range of
0.12-0.5 mg/kg/day, which is a commonly prescribed
amount. Efficacy not inferior to that of a daily medication
regimen is provided, with the major advantage of avoiding
adverse reactions.

Evaluation of intellectual ability before and after PSL administration

Along with physical problems, mental problems have
been recognized in association with DMD. It has been
estimated that approximately one third of DMD patients
suffer from mental retardation or other forms of intellectual
impairment. The 1Qs of DMD patients are reportedly in the
range of 68-91, with the average being in the mid-80s.
Characteristically, verbal IQ has been somewhat better
than performance 1Q."®

Intellectual impairment does not appear to progress as
motor function deteriorates.’®?? In this study, the mean IQ
score of our 29 patients was 85, which is consistent with
previous reports. Also, IQ scores generally remain constant.
Although slight fluctuations may occur because of
environmental factors, changes exceeding 10 points are
considered rare.?! This was also supported by the observa-
tions of our control group in which IQ scores did not change.
However, when we started PSL treatment, improvements in
verbal rapport and reactions were clearly recognized clini-
cally in several patients, leading us to hypothesize that PSL
had exerted a beneficial influence on intelligence.

In this study, the maximum IQ score increase was 23
points in a treated patient, which is an extraordinary
improvement (Fig 1A). IQ scores were increased as
compared with those of the control group (P = 0.009)
(Fig 1C).

No previous studies, to our knowledge, have examined
the effects of PSL on intellectual ability in pediatric patients.
For adult patients, effects of PSL on the central nervous
system are suggested to represent modulations of neuro-
logical symptoms such as mood disorders including
depression and mania, psychiatric disorders such as
delirium and hallucinations, and cognitive or memory im-
pairments. There are several possible mechanisms by which
PSL might exert such effects on neurological symptoms. One
possibility is the strong affinity of PSL for receptors,
particularly those of the limbic system including the hip-
pocampus, all because PSL may affect the activities of
regional neurotransmitters. Other possible mechanisms
include involvement of central synapses in prolonged
neurotransmission latency periods associated with changes
in blood-brain barrier permeability and impairments of
cerebral metabolic enzymes. Any or all of these factors
might be mechanisms underlying neurological symptom
onset.?? However, none of these neurological symptoms

was found in our DMD patients. Instead, improvements of
verbal rapport, reactions, and IQ scores were observed.
Thus, we hypothesized that PSL acts differentially on the
central nervous system in DMD patients.

Symptoms of DMD are accounted for by lack of dystro-
phin protein. Dystrophin is mostly expressed in muscles,
with the next highest level of expression being in the
brain.?® Intracranial dystrophin is known as cerebral
dystrophin and exists in the postsynaptic membrane, which
is a neurotransmitter circuit.>*

If PSL accelerates muscular dystrophin production,
cerebral dystrophin would also be increased, thereby
ameliorating intellectual impairment. Cerebral dystrophin
comprises various isoforms produced from one gene, and
the isoforms exist in the postsynaptic membrane, which is a
neurotransmitter circuit. Because various isoforms of
dystrophin exist in neurons in the central nervous system, it
is possible that mutation of the DMD gene would result in
dysfunction of neurons, thereby influencing not only intel-
lectual levels but also determining specific neuropsycho-
logical profiles. However, there is still a great deal of
uncertainty regarding the roles played by these various
isoforms.?

An experiment with mdx mice demonstrated that cere-
bral dystrophin was extensively distributed throughout the
hippocampus, which is chiefly related to memory, the cer-
ebellum, and the olfactory bulbs, governing sensation and
motor function, and the thalamus, which has important
roles in activity and consciousness levels.2%

It has also been reported that abnormalities of cerebral
dystrophin isoform formation can cause central nervous
system structural anomalies, dendritic cell defects, and
decreased numbers of neurons.?’ This suggests that cere-
bral dystrophin anomalies resulting from abnormal brain
isoform formation might be the primary cause of intellec-
tual impairment. If PSL promotes the formation of dystro-
phin expressed in muscle cells, it must also activate
production of cerebral dystrophin in the central nervous
system, leading to shorter synaptic neurotransmission
latencies and thereby to amelioration of the intellectual
impairments.

Another interesting effect of PSL on intellectual ability,
demonstrated in the present study, was a significant in-
crease in the IQ scores of patients with nonsense point
mutations as compared with those with deletion or
duplication mutations (Fig 1D). Premature stop codons
caused by nonsense point mutations lead to protein
deficiencies and, in many cases, to loss-of-function effects.
Read through refers to the treatment effect on patients
with specific protein deficiencies resulting from nonsense
point mutations. When certain chemical compounds, such
as amino glycoside antibiotics, are administered to these
patients, they act on ribosomes to read through the
premature stop codon, and normal wild-type proteins are
thus synthesized, leading to cure of the disease. Because
significant increases in IQ scores were observed in patients
with nonsense point mutations in this study, we specu-
lated that PSL might exert read-through effects on stop
codons and thereby lead to restoration of dystrophin
expression in the brain. Our results also raise the possibility
that other drugs with read-through effects may improve
intelligence in DMD patients.
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