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SPECIAL ARTICLE

Clinical Features of Anterior Segment Dysgenesis
Associated With Congenital Corneal Opacities

Chika Shigeyasu, MD, Masakazu Yamada, MD, PhD, Yoshinobu Mizuno, MD, Tadashi Yokoi, MD,
Sachiko Nishina, MD, PhD, and Noriyuki Azuma, MD, PhD

Purpose: Anterior segment dysgenesis is one of the main causes of
congenital corneal opacities. In this study, we investigated the clinical
features and visual outcomes of patients with anterior segment
dysgenesis in a large number of cases.

Methods: The medical records of patients with congenital corneal
opacities in relation to anterior segment dysgenesis seen in the
National Center for Child Health and Development, Japan, between
April 2002 and October 2009, were retrospectively studied.

Results: Records of 220 eyes of 139 patients were reviewed. Mean
follow-up period was 5 years. Clinical diagnoses were Peters anomaly
(72.7%), anterior staphyloma (11.4%), Rieger anomaly (7.7%),
sclerocornea (6.4%), and others (1.8%). Visual acuity was measured in
61 patients. The best-corrected visual acuity in the better eye of bilaterally
involved patients was 20/60 to 20/1000 (low vision according to the
International  Classification of Diseases, Ninth Revision, Clinical
Modification) in 43.2% and less than 20/1000 (legally blind) in
24.3%. Fundus examination was performed in 82 eyes, and disorders
were seen in 12 (12 of 82; 14.6%). Systemic abnormalities were
present in 35 patients (35 of 139; 25.2%); a family history was present
in 5 patients (5 of 139; 3.6%). Of the 160 eyes of 109 patients with
Peters anomaly, 51 patients (51 of 109; 46.8%) had bilateral Peters
anomaly, 30 (30 of 109; 27.5%) had fellow eyes that were normal, and
28 (28 of 109, 25.7%) showed other abnormal ocular findings in the
fellow eye.

Conclusions: Anterior segment dysgenesis shows diverse clinical
features, various severities of corneal opacities, and visual outcomes.
Further understanding of the disease as an abnormality during
embryogenesis and neural crest cell differentiations may be required.
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he causes of congenital corneal opacities (CCOs) are

diverse. CCO can be genetic, glaucomatous, infectious,
traumatic, developmental, metabolic, idiopathic, or toxic.
Furthermore, these causes can also overlap.'™ When we
consider the congenital causes, indicating that the corneal
opacity exists in a neonate, one of the main causes, of CCO is
anterior segment dysgenesis (ASD). A number of these cases
are bilaterally involved and are also accompanied by other
ocular malformations, sometimes with complex systemic
diseases.* However, only a few reports concerning these
abnormalities in series with a large number of cases are
present."” This is because of the difficulty in performing an
epidemiological study that samples a large number of
newborns. Furthermore, making a precise diagnosis of a rare
entity such as ASD is difficult.

ASD is induced by abnormalities during embryogenesis
and neural crest cell differentiations.®'® Previously, ASD was
called anterior chamber cleavage syndrome'? or mesodermal
dysgenesis of the iris and cornea.'* Because it is now known that
no development of a cleavage plane as the anterior segment forms
and differentiates occurs® and because no mesoderm is involved,’
these terms have been deemed inappropriate. Mutations in the
ASD genes, PAX6, PTX2, FOXCI1, FOXE3, and CYPIBI, have
been identified."'® Investigators have suggested various ASD
classifications based on embryological contribution,” develop-
mental arrest,” neural crest proliferation and migration patterns, °
neural crest origin,'’ and anatomical findings.'> ASD classifica-
tion is sometimes complicated because it is not unusual that
dysgenesis exists not only alone but also in combination with
other disorders. In this study, we investigated the clinical features
and visual outcomes of ASD-associated CCO in a large number
of patients. We also reviewed the classification of ASD>¢1315:17.18
and compared the diagnosis of both eyes of patients with Peters
anomaly in 1 eye to study ASD overlap.'*>!

SUBJECTS AND METHODS
We retrospectively reviewed the computerized medical
records of all patients with ASD-associated CCO seen at
the National Center for Child Health and Development
(Tokyo, Japan) between April 1, 2002, and October 31, 2009.
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The data were collected from computerized medical records,
entering the diagnosed disease name as a key word, and all the
medical records were reviewed again. The adult patients who
had ASD-associated CCO diagnosed when they were younger
at the former National Children’s Hospital (from 1965 to
March 2002) who came to the National Center for Child
Health and Development for the first time were also included.
In this study, ASD cases without the risk of emerging CCO and
congenital aniridia were excluded. We evaluated laterality,
ASD type, visual outcome, location of opacity, posterior
segment abnormalities, systemic diseases, family history, and
clinical course of the disorder.

Laterality (unilateral or bilateral) was diagnosed only by
the existence of ASD, and other ocular findings were excluded.
ASD type was diagnosed by slit-lamp examination and, when
possible, with the assistance of ultrasound biomicroscopy
(UBM) and anterior segment optical coherence tomography
(AS-OCT). Visual outcomes were measured considering the
child’s age and mental development. Picture tests were used for
preverbal children. In older children, angular vision using
Landolt rings followed by cortical vision was measured and
converted to Snellen visual acuity. Corneal opacity location was
categorized into 5 groups: diffuse, central, center to periphery,
peripheral opacity, and other (including minimal corneal
involvement and location not classifiable). Posterior segment
abnormalities were diagnosed by clinical examination, using the
slit lamp and funduscope, with the help of B-mode echography
when the posterior segment was invisible because of CCO.
Records of systemic disease and family history from interviews
during the clinical course of the child’s condition were reviewed.
For a better understanding of ASD overlap, we analyzed
diagnosis of both eyes of patients with Peters anomaly to
observe differences in ASD diagnosis between the eyes.

RESULTS

Medical records of 220 eyes of 139 patients with ASD-
associated CCO were reviewed. Among the patients, 68 were
men (109 eyes) and 71 were women (111 eyes). Age at the first
examination ranged from 0 months to 25 years (mean, 1.2 years;
SD, 2.7). The mean follow-up period was 5 years (range,
0 months to 21 years).

Eighty-one patients (162 of 220 eyes; 73.6%) had bilateral
corneal opacities and 58 (58 of 220 eyes; 26.4%) had unilateral
ones. Clinical diagnosis was as follows: Peters anomaly in 160
eyes (72.7%), anterior staphyloma in 25 eyes (11.4%), Rieger
anomaly in 17 eyes (7.7%), sclerocornea in 14 eyes (6.4%), and
other (of unknown origin) in 4 eyes (1.8%) (Fig. 1).

Diagnosis was made by slit-lamp examination with UBM
and AS-OCT assistance in cases of severe corneal opacity.
Figure 2 shows the slit-lamp photograph and corresponding
image of UBM and AS-OCT in patients with bilateral Peters
anomaly. The iridocorneal angle structure can be seen in detail.

Visual acuity was measured in 98 eyes of 61 patients (37
bilateral and 24 unilateral cases). Table 1 shows the best-
corrected visual acuity of the eyes in bilateral and unilateral
cases, and Table 2 shows the visual acuity ranges based on the
better eye. The best-corrected visual acuity in the better eye of
bilaterally involved patients was lower than 20/60 (low vision
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FIGURE 1. Clinical diagnosis of ASD with CCO (n = 220 eyes).

according to the International Classification of Diseases,
Ninth Revision, Clinical Modification) in 43.2% and 20/1000
or worse (legally blind) in 24.3%. In total, 67.5% of patients
with bilateral CCO had visual disability diagnosed.

Corneal opacity was diffuse in 48.6% of eyes, central in
17.7%, and peripheral and center to peripheral in approxi-
mately 10% each (Table 3). Of the 170 eyes of patients with
corneal opacity whom we were able to follow-up, 142 (83.5%)
showed no noticeable change and 28 (16.5%) showed a slight
improvement. Improvement of the corneal opacity was mostly
seen in patients with Peters anomaly.

Fundus examination was performed using the funduscope
in 82 eyes, and fundus disorders were seen in 12. However,
138 eyes could not be examined by funduscope because of
haziness. Among those 138 eyes, 125 were without major
disorders, as examined by B-mode echography (Table 4). The
most common disorders were persistent fetal vasculature in 4
eyes, followed by coloboma, chorioretinal atrophy, and optic
nerve hypoplasia (Table 5).

Systemic abnormalities were present in 35 patients
(25.2%). Multiple deformations, such as chromosome abnor-
mality, hydrocephalus, polysyndactyly, and syndactylia, were
seen in 16 patients, followed by cardiovascular disease in
5, neurologic disease (including brain hypoplasia, mental
retardation, cerebral palsy, and seizure) in 5, craniofacial disease
in 3 (cleft lip and palette, macroglossia and oral tumor, and
dental hypoplasia), thyroid disease in 2, urinary disease in 2,
and otologic disease (deafness and preauricular appendage) in 2
(Table 6). Axenfeld-Rieger syndrome, which is characterized
by components of the ocular symptoms of Axenfeld anomaly
and Rieger anomaly, and nonocular symptoms of Rieger
syndrome were seen in 4 patients. There was a family history of
ocular disorders in 5 patients (3.6%); 4 patients had a family
history of Peters anomaly and 1 had a history of anterior
staphyloma.

Of the 220 eyes of 139 patients in this study, we
diagnosed Peters anomaly in 160 eyes of 109 patients. We
reviewed the condition of the fellow eye among these 109

© 2012 Lippincott Williams & Wilkins
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FIGURE 2. Slit-lamp photograph and
corresponding image by UBM (A)
and AS-OCT (B) of bilateral Peters
anomaly. The iridocorneal angle can
be seen more clearly in the image of
AS-OCT, although there are limita-
tions from the sclera and poor
visualization of the ciliary body.

patients with Peters anomaly. Thirty patients (27.5%) had
normal fellow eyes and 79 (72.5%) showed abnormal ocular
findings in the fellow eye. The abnormal ocular findings were
Peters anomaly in 51 eyes, anterior staphyloma in 9,
sclerocornea in 6, Rieger anomaly in 5, persistent pupillary
membrane in 3, macular hypoplasia in 2, and optic disc
hypoplasia, high myopia, and aniridia in 1 each. Thus, within
patients with ocular abnormalities in the fellow eyes of Peters
anomaly, 64.6% had bilateral Peters anomaly and 93.7% had
bilateral ASD. From another viewpoint, 67.9% of patients with
Peters anomaly also had bilateral ASD (Fig. 3).

DISCUSSION
Ocular malformation incidence in newborns is reported
to be low, from 3.3 to 6.0 per 10,000 newborns®***; although
extremely rare, severe ocular malformations are a lifelong

vision-threatening disease. Bermejo and Martinez-Frias’
indicate that the range in statistics emerges from a statistical
bias based on samples taken from special schools or clinics
and the time of data sampling. Furthermore, they also report
the incidence of CCO to be 3.1 per 100,000.

Among the diverse causes of CCO, ASD stands out as
the main cause at present. Furthermore, ASD incidence is rare,
and our study presents the largest series of evidence assembled
to date on the diagnosis of this disorder. The description of
clinical features and visual outcomes for a large number of
cases would be valuable for understanding the disease and
a further study of the disease. Because ASD is induced by the
abnormalities during embryogenesis and neural crest cell
differentiations, the key to understanding ASD is to review the
embryology of anterior segment. At approximately the sixth
week of gestation, separation of lens vesicle and basement
membrane of the surface ectoderm, which will become corneal

TABLE 1. Best-corrected Visual Acuity of Eyes of Bilateral and
Unilateral Cases Based on the International Classification of
Diseases, Ninth Revision, Clinical Modlification

TABLE 2. Best-corrected Visual Acuity in the Better Eye Based
on the International Classification of Diseases, Ninth Revision,
Clinical Modification

Bilateral Unilateral Bilateral Unilateral
(n=174) (n =24) (m=37) (n =24)
Visual Acuity Eyes % Eyes % Visual Acuity Cases % Cases %
Near-normal vision Near-normal vision
Range of normal vision (>20/25) 10 13.5 3 12.5 Range of normal vision (>20/25) 8 21.6 21 87.5
Near-normal vision (<20/25) 4 54 4 16.7 Near-normal vision (<20/25) 4 10.8 3 12.5
Low vision Low vision
Moderate low vision (<20/60) 12 16.2 1 42 Moderate low vision (<20/60) 10 27.0 — -
Severe low vision (<20/160) 11 14.9 1 42 Severe low vision (<20/160) 5 13.5 e —
Profound low vision (<20/400) 5 6.8 2 8.3 Profound low vision (<20/400) 1 2.7 - —
Near-blindness Near-blindness
Near-blindness (<20/1000) 23 31.1 4 16.7 Near-blindness (<20/1000) 9 243 — —
Total blindness (no light perception) 9 122 9 37.5 Total blindness (no light perception) 0 0 — e

n, number of eyes.

n, number of cases.

© 2012 Lippincott Williams & Wilkins
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TABLE 3. Frequencies of Corneal Opacity Location

Opacity Location Eyes (n = 220) %
Diffuse 107 48.6
Center 39 17.7
Center to the periphery 24 10.9
Periphery 21 9.5
Others 29 13.2

n, number of eyes.

epithelium, occurs and is followed by 3 successful waves. The
first wave gives rise to the corneal endothelium and trabecular
meshwork, the second gives rise to the corneal keratocytes and
corneal stroma, and the third becomes the iris. The arrest of
any of these developmental stages will induce ASD.
Three-fourths of our patients showed bilateral CCO.
This rate was higher than that in the previous reports from
Rezende et al' (55.3%). We postulate that the difference
emerges because of patient samples of CCO. We limited our
patients to those with ASD; therefore, patients with popular
unilateral CCO, such as limbal dermoid, were excluded from
our study. Furthermore, because our data were from the
corneal practice of a specialized children’s hospital, the patient
population seems to fall into the range of severe bilateral CCO.
In our study, the majority of ASD was diagnosed as
Peters anomaly. Clinical features of Peters anomaly are
diverse, from mild to severe. ASD is classified in detail by its
characteristics, although it has a broad spectrum. Some cases
overlap other conditions and therefore are impossible to
classify. Rieger anomaly is classified as a mild ASD type, and
sclerocornea and anterior staphyloma are classified as severe
ASD types. The remaining cases will be classified in a broad
range of Peters anomaly. Therefore, further understanding of
ASD as a disease of abnormalities during embryogenesis and
neural crest cell differentiations as a whole is required.
Visual acuity outcome was severe. Forty percent to 50%
of both bilateral and unilateral eyes were less than 20/1000,
and patients had legal blindness diagnosed according to the
International Classification of Diseases, Ninth Revision,
Clinical Modification. In unilateral and bilateral cases with
difference in severity, deprivation of form vision occurs in the
worse eye and development of vision seems to be disturbed.
Classifying by the better eye, 43.2% of patients with bilateral
Peters anomaly had low vision and 24.3% were legally blind.
Management for prevention of amblyopia was performed in
treatable patients, although it still remains a life-long disability.
Opacity location plays an important role in the future of
vision, although it is well-known that visual acuity will

TABLE 4. Posterior Segment Abnormalities Diagnosed by
Funduscopy or B-mode Echography

Examination Normal (%) Abnormal (%)
Funduscopy (n = 82) 70 (85.4) 12 (14.6)
B-mode echography (n = 138) 125 (90.6) 13(9.4)

TABLE 5. Fundus Disorders Among Patients With ASD
Examined by Funduscopy

Fundus Disorders Eyes (n = 82) %
Persistent fetal vasculature 4 49
Coloboma 3 37
Chorioretinal atrophy 3 3.7
Optic disc hypoplasia 2 24
No major disorders 70 85.4

n, number of eyes.

eventually be influenced by many factors. These factors
include not only the location and density of the corneal opacity
but also laterality, other ocular malformations, and systemic
diseases, including intellectual growth. When we predict
future vision of the patient, we have to take these factors into
consideration.

Posterior segment abnormalities were identified by
funduscope in 12 of 82 eyes (14.6%). Among patients who
underwent B-mode echography, 125 eyes were without major
disorders (90.6%). Thus, in our results, approximately 10% of
ASD was combined with posterior segment abnormalities. The
combination of posterior segment abnormalities seems to be
not very common. Ocular findings were diverse, but they all
were derived because of the arrest of some stage or stages of
embryology. As reported previously by Trauboulsi and
Maumenee,* anterior and posterior segment abnormalities
exist as a complex malformative syndrome affecting the globe
as a whole, rather than independently.

Systemic abnormalities were seen in 25.2% of our
patients (Table 6), and this percentage is similar to that of the
report from Rezende et al' (21.3%). Because nonocular neural
crest cells form cartilage, bone, connective tissue, teeth
components (except enamel), pigment cells, and peripheral
nervous system of the face,' the majority of the systemic
abnormalities also have their origin in the primary neural crest
cell,” which is sometimes called systemic neurocristopathy.>*
Traboulsi and Maumenee* also suggest that midline body
structures seem to be selectively involved in some patients
with Peters anomaly, resulting from the contiguous gene
syndrome or a defective homeotic gene controlling the
development of the eye and body structure. Our results seem
to support their theory.

TABLE 6. Systemic Abnormalities Among Patients With ASD

Systemic Abnormalities Cases (n = 139) %

Multiple deformation 16 115
Cardiovascular disease 5 3.6
Neurologic disease 5 36
Craniofacial disease 3 22
Thyroid disease 2 1.4
Urinary disease 2 1.4
Otologic disease 2 1.4
No major complications 104 74.8

n, number of eyes.

n, number of cases.
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Abnormal, 79eyes,
72.5%

Normal, 30eyes,
27.5%

FIGURE 3. Diagnosis of the fellow
eye in Peters anomaly (n = 109 eyes);
93.7% had bilateral ASD.

Family history was present in 3.6% of our patients. Rezende
et al' reported 2 out of 47 patients to have a family history; hence,
this percentage may be appropriate. In our study, most of the
patients showed Peters anomaly. Peters anomaly is known to be
sporadic, but sometimes it is inherited. Because Peters anomaly
appeared in the majority in our study, this percentage may
represent the frequency of inheritance of Peters anomaly.

As shown previously in our study, 72.5% of patients with
Peters anomaly had bilateral ocular abnormalities. The majority
(93.7%) had ASD, and two-thirds had Peters anomaly.

Peters anomaly was first reported by Von Hippel” in
1897, although the cause was unclear at that time. In 1906,
Peters?® defined it as a dysplasia of the anterior chamber, an
incomplete separation between the lens capsule or iris tissue and
the Descemet membrane®® The essential feature of Peters
anomaly is a congenital central corneal opacity with defects in
the posterior stroma, Descemet membrane, and endothelium.*'?
It shows a wide range of morphological characteristics and
severity. Some cases were complicated and difficult to diagnose
under slit-lamp examination because the anterior chamber was
invisible because of the severe corneal opacity.

High-frequency UBM?"° and AS-OCT®® assistance
were effective in these cases. The UBM method was reported
in 1989 by Pavlin et al,*® and the possibility of rendering
images of the invisible anterior segment apparent made this
apparatus come into wide use. Recently, another apparatus has
been developed, and clinical data have been reported.
Comparative studies evaluating AS-OCT show that it produces
both more accurate and consistent images of the anterior
segment compared with UBM.?® However, limitation by the
sclera and poor visualization of the ciliary body still remain
a challenge to diagnosis by imaging.

ASD shows diverse clinical features, various severities of
CCO, and visual outcomes. Clinical diagnosis of each eye may
differ in bilateral cases. Further understanding of the disease as

© 2012 Lippincott Williams & Wilkins
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an abnormality during embryogenesis and neural crest cell
differentiations may be required. Accurate diagnosis with UBM
and AS-OCT assistance surely will be a step forward for the
management of ASD-associated CCO in the future.
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Clinical Features of Congenital Retinal Folds

e

SACHIKO NISHINA, YUMI SUZUKI, TADASHI YOKOI, YURI KOBAYASHI, EIICHIRO NODA, AND
NORIYUKI AZUMA

® PURPOSE: To investigate the clinical features and
prognosis of congenital retinal folds without systemic
associations.

® DESIGN: Retrospective observational case series.

® METHODS: The characteristics, clinical course, ocular
complications, and best-corrected visual acuity (BCVA)
of eyes with congenital retinal folds were studied during
the follow-up periods. The affected and fellow eyes were
examined by slit-lamp biomicroscopy, binocular indirect
ophthalmoscopy, and fundus fluorescein angiography.
The parents and siblings of each patient also underwent
ophthalmoscopic examinations. The BCVA was mea-
sured using a Landolt ring VA chart.

® RESULTS: One hundred forty-seven eyes of 121 pa-
tients with congenital retinal folds were examined. Fifty-
five patients (45.5%) were female. The fold was
unilateral in 95 patients (78.5%), and 69 of those
patients (72.6%) had retinal abnormalities in the fellow
eye. The meridional distribution of folds was temporal in
136 eyes (92.5%). The family history was positive in 32
patients (26.4%). Secondary ‘fundus complications,
including fibrovascular proliferation and tractional, rheg-
matogenous, and exudative retinal detachments, deve-
loped in 44 eyes (29.9%). The BCVAs could be
measured in 119 eyes and ranged from 20/100 to
20/20 in 5 eyes (4.2%), 2/100 to 20/200 in 45 eyes
(37.8%), and 2/200 or worse in 69 eyes (58.0%). The
follow-up periods ranged from 4 to 243 months (mean,
79.7 = 58.9 months).

® CONCLUSIONS: These clinical features suggested that
most congenital retinal folds may result from insufficient
retinal vascular development, as in familial exudative
vitreoretinopathy, rather than persistent fetal vascula-
ture. Adequate management of active retinopathy and
late-onset complications, especially retinal detachment, is
required. (Am J Ophthalmol 2012;153:81-87.
© 2012 by Elsevier Inc. All rights reserved.)

CONGENITAL RETINAL FOLD (ABLATIO FALCIFOR-
mis congenital), extending radially from the optic
disc toward the peripheral fundus, was first de-
scribed in 1935 as a rare congenital anomaly.l? The
pathogenesis was investigated histologically, and the
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anomaly was hypothesized to be attributable to persistent
hyaloid vessels leading to a pulled dysplastic retina. In
1955, Reese reported the clinical and pathologic features
of persistent hyperplastic primary vitreous (PHPV).? In
1965, Michaelson* introduced the term “posterior
PHPV,” and in 1970 Pruett and Schepens® described a
new clinical entity called “posterior hyperplastic primary
vitreous,” the posterior form of PHPV, characterized by
vitreous membranes extending from the disc toward the
peripheral fundus. Those investigators used the term pos-
terior PHPV as a synonym for falciform retinal folds and
the term anterior PHPV as a synonym for the PHPV
described by Reese.” Thus, congenital retinal folds often
were diagnosed as posterior PHPV afterward. The term
PHPV now has evolved to persistent fetal vasculature
(PFV), which usually occurs as a nonheritable set of
vascular malformations affecting 1 eye of an otherwise
normal infant.® However, based on the fundus drawings of
Pruett and Schepens,5 vitreous membranes and retinal
folds were not clearly distinguished. Those authors re-
ported that the vitreous band and retinal folds extended
toward the fundus periphery in various meridians but were
most commonly nasal.” They also described the pleomor-
phism of posterior PHPV and complications such as
microcornea, retinal detachment, vitreous hemorrhage,
cataract, and glaucoma.” In most cases, posterior PHPV is
unilateral and rarely familial.

In 1969, familial (dominant) exudative vitreoretinopa-
thy (FEVR), a developmental disorder of the retinal
vasculature, was described and suggested to be the possible
origin of congenital retinal folds.®~'° Recently, congenital
retinal folds were thought to occur even after birth and
were caused by various infantile diseases such as FEVR,
retinopathy of prematurity (ROP), Norrie disease, incon-
tinentia pigmenti, and congenital toxoplasmosis.
However, clinically distinguishing retinal folds without
systemic associations is often difficult, and their pathogen-
esis remains controversial.

We conducted the current study to clarify the clinical
features of congenital retinal folds without systemic asso-
ciations.

METHODS

ONE HUNDRED FORTY-SEVEN EYES OF 121 PATIENTS WITH
unilateral or bilateral congenital retinal folds, diagnosed at
the National Center for Child Health and Development,
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FIGURE 1. Unilateral congenital fold with retinal vascular abnormalities in the fellow eye. Fundus photographs and fluorescein
angiography (FA) of a unilateral retinal fold in the left eye (Bottom left and right) and the fellow right eye (Top left and right) in
a 4-month-old boy. (Top left) Retinal vascular abnormalities in the peripheral fundus are seen in the fellow right eye. (Top right)
FA shows a peripheral avascular zone, supernumerous vascular branchings, arteriovenous shunt formation, a V-shaped area of
degeneration, and neovascularization with dye leakage in the fellow right eye. Laser photocoagulation was applied to the peripheral
avascular retina. (Bottom left) The retinal vessels within the fold are bundled and pulled toward the peripheral fibrous tissue and
decreased in number in the stretched retina. (Bottom right) FA shows hyperfluorescence from folds in which the vessels are bundled
and dye leakage from the fibrovascular tissue. Scleral buckling with laser photocoagulation was applied.

Tokyo, Japan, between June 1986 and February 2009, and
examined between March 2002 and April 2009, were
studied retrospectively. Patients with a history of prema-
ture birth, oxygen therapy, systemic associations, or posi-
tive laboratory examinations for infectious diseases were

Right Eyes

excluded. Eyes with anterior segment dysgenesis also were
excluded.

The characteristics of retinal folds in affected eyes and
findings in fellow eyes were examined by slit-lamp biomi-
croscopy and binocular indirect ophthalmoscopy. Thirty-

N=147 eyes six patients (29.8%) underwent fundus fluorescein
FIGURE 2. Meridional distribution of congenital retinal folds. angiography (FA) under general anesthesia. In patients
The meridional distribution of the folds was temporal, supero- with a unilateral retinal fold, the fundus periphery of the
temporal, or inferotemporal in 92.5% (136/147) eyes. fellow eye also was examined and the retinal vascular
development was evaluated. The criteria used to diagnose
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TABLE. Features of Secondary Ocular Complications in the Fundus in Eyes Wi’ch'COnge’nital,Re’tinal Folds (N = 44 Eyes) k

Tractional Retinal

Rhegmatogenous Retinal

Exudative Retinal

Detachment Detachment Fibrovascular Proliferation Detachment
= 19 Eyes N = 12 Eyes N = 11 Eyes N = 2 Eyes
Age at onset (months) 1-88 (mean, 33-195 (mean, 87.0 + 56.5) 2-121 (mean, 19.4 * 35.8) 31, 167
25.8 + 27.2)

Excessive fibrovascular
proliferation,
15 (79%)

Regrowth of
fibrovascular tissue,
4 (21%)

V + L, 6(32%)

B + PC, 4 (21%)

None, 9 (47%)

Origin of complications

Treatment

B, 2(17%)

None, 1 (8%)
Retinal reattachment,
3/11 27%)

Retinal reattachment,
7/10 (70%)

Surgical outcomes

Ocular trauma, 5 (42%)
Unknown, 7 (58%)

V o+ L, 5(42%)
V+ L+ B, 4(33%)

NV, 10 (91%)
Recurrence of NV, 1(9%)

Unknown 2 (100%)

V + L, 546%)

PC, 4 (36%)

B + PC, 1(9%)

None, 1 (9%)

NV stabilization,
8/10 (80%)

None, 2 (100%)?

B = scleral buckling; B + PC = scleral buckling with laser photocoagulation; NV = neovasculanzatton PC
L= wtrectomy with lensectomy, V+ L+ B = vitrectomy with Iensectomy andscleral buckling.

~@Untreated retinas reattached spontaneously.

laser photocoagulation; V +

retinal vascular abnormalities were the presence of a
peripheral avascular zone, vitreoretinal adhesions, arterio-
venous shunt formation, supernumerous vascular branchings,
a V-shaped area of retinal degeneration, neovascularization,
and cystoid degeneration.'*™ Ophthalmoscopic examina-
tions of the parents and siblings of each patient were
performed when possible. A family history was judged to
be present if retinal vascular abnormalities were found
in any family members. The clinical course and the
secondary ocular complications were investigated during
the follow-up periods. The best-corrected visual acuities
(BCVAs) were measured with a standard Japanese VA
chart using Landolt rings at 5 meters and converted to
Snellen VA. The follow-up periods ranged from 4 to 243
months {mean, 79.7 = 58.9 months).

RESULTS

® CHARACTERISTICS OF EYES AND PATIENTS: Sixty~six
of the 121 patients (54.5%) were male and 55 (45.5%)
were female. The ages of the patients at the first examina-
tion at our hospital ranged from 4 weeks to 9 years 1 month
(mean, 17.9 * 21.6 months). However, the families or
pediatricians had observed the clinical manifestations, that
is, poor fixation behavior, nystagmus, or strabismus, by 12
months of age in 105 patients (86.8%), and 91 patients
(75.2%) had been examined by other ophthalmologists
within the first year. A unilateral retinal fold in 16 patients
(13.2%) identified after 13 months of age was confirmed
not to have any acquired pathogenesis and diagnosed as a
congenital retinal fold.

Vou. 153, NO. 1

The retinal vessels within the fold were bundled and
pulled toward the peripheral fibrous tissue and decreased in
number in the stretched retina in 144 of 147 eyes (98.0%)
(Figure 1, Bottom left). A peripheral avascular zone was
seen more than 3 disc diameters’ width in all eyes. Other
ophthalmoscopic findings in affected eyes were intravitreal
neovascularization in 13 eyes (8.8%), retinal hemorrhages
in 8 eyes {5.4%), disc anomalies in 4 eyes (2.7%), retinal
exudates in 3 eyes (2.0%), and coloboma and medullated
nerve fiber in 1 eye (0.7%) each. Fundus FA, performed on
46 eyes of 36 patients, showed hyperfluorescence from
bundling of the retinal vessels in the folds and fibrovascular
tissue at the periphery of the folds in all eyes (100%). Dye
leakage from an arteriovenous shunt and intravitreal neo-
vascularization within the fibrovascular tissue was detected
in 13 eyes (28.3%) (Figure 1, Bottom right).

® MOST CASES OF CONGENITAL RETINAL FOLD WERE
UNILATERAL AND ORIGINATED IN THE TEMPORAL
QUADRANTS: The fold was unilateral in 95 of 121 pa-
tients (78.5%) and bilateral in 26 patients (21.5%). The
meridional distribution of the folds was temporal, supero-
temporal, or inferotemporal in 136 of 147 eyes (92.5%)
(Figure 2). All folds in the other 11 eyes were unilateral,
extending nasally, superonasally, inferonasally, superiorly,
or inferiorly.

® MOST CASES OF UNILATERAL RETINAL FOLD HAD
IDENTIFIABLE ABNORMALITIES IN THE FELLOW EYE:
Only 26 cases (27.4%) of the 95 unilateral retinal folds
identified demonstrated no pathology in the fellow eye.
The remaining 72.6% had identifiable abnormalities as
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FIGURE 3. Secondary complications of congenital retinal
folds. Photographs of secondary complications in the fundus of
a 4-month-old girl (Top and Middle) and a 37-month-old
boy (Bottom). (Top) Prominent fibrovascular proliferation
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follows. Retinal vascular abnormalities in the peripheral
fundus were identified in 33 of 95 cases (34.7%): an
avascular zone in all eyes (100%), supernumerous vascular
branchings in 15 eyes (45.5%), cystoid degeneration in 12
eyes (36.4%), a V-shaped area of retinal degeneration in 9
eyes (27.3%), vitreoretinal adhesions and fibrous mem-
brane in 7 eyes (21.2%) each, arteriovenous shunt forma-
tion in 5 eyes (15.2%), and neovascularization in 4 eyes
(12.1%) (Figure 1, Top left and right). A total retinal
detachment and leukokoria, a dragged retina, and
coloboma were found in 18 (18.9%), 17 (17.9%), and 1
(1.1%) of 95 cases, respectively.

The “true” unilateral congenital fold was seen in 26
patients out of all 121 patients (21.5%). Among these 26
patients, the meridional distribution of the folds was
temporal in 17 eyes (65.4%) and nasally, superiorly, or
inferiorly in 9 eyes (34.6%).

Fundus FA was performed on 24 fellow eyes in patients
with a unilateral retinal fold and clearly showed various
retinal vascular abnormalities in 18 eyes (75.0%). Hyper-
fluorescence of the vascular abnormalities in the periphery
was seen in 8 of the 24 eyes (33.3%), in which dye leakage
from the neovascularization was detected in 4 eyes (4/24;
16.7%) (Figure 1, Top right).

Among the 50 fellow eyes with retinal vascular abnor-
malities in the periphery or dragged retina, laser photoco-
agulation was applied to the peripheral avascular retina in
7 eyes (14.0%) and the neovascularization stabilized in all
eyes (100%). Scleral buckling was performed in 3 fellow
eyes (6.0%) for a late-onset tractional or rhegmatogenous
retinal detachment, and retinal reattachment was
achieved in all eyes (100%).

® MOST CASES OF CONGENITAL RETINAL FOLD SUG-
GEST FAMILIAL INHERITANCE: Family members were
examined in 50 cases (41.3%), and a positive family
history was identified in 32 cases (64.0%), with ophthal-
moscopic findings of retinal vascular abnormalities in the
periphery (81.2%), retinal folds (9.4%), dragged retina
(6.3%), and leukokoria (3.1%). A negative family history
was suspected by ocular examination of the parents in 18
cases (36.0%). In all cases with a positive family history,
the trait originated in 1 of the family lines. In positive
cases, the fold was bilateral in 12 cases (37.5%) and
unilateral with abnormal retinal vascular changes in the
fellow eye in the other 20 cases (62.5%). In negative cases,

progresses with the retinal hemorrhage in the right eye. Laser
photocoagulation was applied to the peripheral avascular retina.
(Middle) Two months later, a tractional retinal detachment has
progressed rapidly. Vitrectomy with lensectomy was performed.
(Bottom) Multiple retinal breaks in the periphery at the edge of
the retinal fold have induced a rhegmatogenous retinal detach-
ment in the left eye. Vitrectomy with lensectomy and scleral
buckling were performed.
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the fold was bilateral in 5 cases (27.8%), unilateral with
abnormal retinal vascular change in the fellow eye in 9

cases (50.0%), and unilateral with normal fellow eye in 4
cases (22.2%).

¢ SECONDARY COMPLICATIONS OF CONGENITAL RETI-
NAL FOLD ARE COMMON AND VISUALLY DEVASTAT-
ING: During the follow-up periods, secondary ocular
complications developed in the fundus in 44 of 147 eyes
(29.9%) with congenital retinal folds; progression of a
tractional retinal detachment in 19 eyes (12.9%), rheg-
matogenous retinal detachment in 12 eyes (8.2%), fibro-
vascular proliferation from the neovascularization in 11
eyes (7.5%), and exudative retinal detachment in 2 eyes
(1.4%). The secondary complications in the fundus of 44
eyes are summarized in the Table.

Among the 26 patients with “true” unilateral congenital
fold, secondary ocular complications also developed in the
fundus in 6 eyes (23.1%); progression of a tractional retinal
detachment in 2 eyes (7.7%), rhegmatogenous retinal
detachment in 1 eye (3.8%), fibrovascular proliferation
from the neovascularization in 2 eyes (7.7%), and exuda-
tive retinal detachment in 2 eyes (3.8%).

® TRACTIONAL RETINAL DETACHMENTS: Progression
of tractional retinal detachment occurred in patients
ranging in age from 1 to 88 months (mean, 25.8 + 27.2
months). Among the 19 eyes the tractional retinal detach-
ment originated from excessive fibrovascular proliferation
and contraction in 15 eyes (79%) (Figure 3, Top and
Middle) and regrowth of fibrovascular tissue in 4 eyes
(21%). Ten eyes (53%) were treated: vitrectomy with
lensectomy was performed in 6 eyes (32%) and scleral
buckling with laser photocoagulation in 4 eyes (21%).
Retinal reattachment was achieved in 7 of 10 treated eyes

(70%).

® RHEGMATOGENOUS RETINAL DETACHMENTS: A
thegmatogenous retinal detachment developed in patients
ranging in age from 33 to 195 months (mean, 87.0 * 56.5
months). Among the 12 eyes, ocular trauma including the
digito-ocular sign was involved in 5 eyes (42%). Multiple
or expanded retinal breaks were seen in the periphery
within the stretched and fragile retina at the edge of the
retinal folds in 8 eyes (67%) (Figure 3, Bottom), dialysis
developed in 1 eye (8.3%), and no breaks were seen in 3
eyes. Nine eyes (75%) with a rhegmatogenous retinal
detachment had a total retinal detachment with prolifer-
ative vitreoretinopathy (PVR). Treatment was performed
in 11 eyes {(92%): vitrectomy with lensectomy in 5 eyes
(42%), vitrectomy with lensectomy and scleral buckling in
4 eyes (33%), and scleral buckling in 2 eyes (17%);
however, retinal reattachment occurred in 3 of 11 treated
eyes (27%).
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® FIBROVASCULAR PROLIFERATION: Fibrovascular pro-
liferation progressed in patients ranging in age from 2 to
121 months (mean, 19.4 * 35.8 months), within the first
year in 9 of 11 eyes (82%). Growth of neovascularization
was identified in 11 eyes (100%). Treatment was per-
formed in 10 eyes (91%): vitrectomy with lensectomy in 5
eyes (46%), laser photocoagulation applied to the periph-
eral avascular retina in 4 eyes (36%), and scleral buckling
with laser photocoagulation in 1 eye (9%); treatment
stabilized the neovascularization and prevented a retinal
detachment in 8 of 10 treated eyes (80%).

® ANTERIOR SEGMENT COMPLICATIONS: Secondary
complications in the anterior segments developed in 16 of
147 eyes (10.9%) with congenital retinal folds; glaucoma
in 9 eyes (6.1%), cataract in 8 eyes (5.4%), and band
keratopathy and keratoconus in 1 eye (0.7%) each. Two
glaucoma eyes developed cataracts and 1 cataract eye
developed glaucoma after cataract surgery. Glaucoma de-
veloped in patients ranging in age from 2 to 137 months
(mean, 60.1 *= 46.8 months). The main cause was fibro-
vascular proliferation and contraction that resulted in
anterior lens displacement and angle-closure glaucoma.
Neovascular glaucoma was identified in 1 eye. Treatment
was performed in 6 eyes (67%): medical treatment in 4
eyes and lensectomy and peripheral iridectomy in 1 eye
each. Cataract developed in patients ranging in age from
11 to 113 months (mean, 59.1 #* 40.2 months). Lensec-
tomy was performed in 4 eyes (50%).

Among the 26 patients with “true” unilateral congenital
fold, secondary complications in the anterior segments
developed in 4 eyes (15.4%): glaucoma in 1 eye (3.8%)
and cataract in 3 eyes (11.5%).

® VISUAL OUTCOMES WERE GENERALLY POOR: The
VA could be measured in 119 eyes. Of these, the final
BCVA ranged from 20/100 to 20/20 in 5 eyes (4.2%) with
macular formation, 2/100 to 20/200 in 45 eyes (37.8%),
2/200 to light perception in 46 eyes (38.7%), and no light
perception in 23 eyes (19.3%). Among the total of 147
eyes, an ocular prosthesis was used in 8 eyes (5.4%) with
phthisis bulbi or microphthalmos to facilitate orbital
growth.

DISCUSSION

IN THE CURRENT SERIES, THE RETINAL VESSELS WITHIN THE
folds were bundled and pulled toward the temporal periph-
ery in most cases. The retinal vessels may appear not to
enter the fold but to have developed before the retina
became folded. The folds mostly were composed of
stretched retina rather than vitreous membranes, described
by Michaelson* and by Pruett and Schepens,” extending
from the disc toward the peripheral fundus. Pruett and
Schepens reported that the meridional distribution of
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vitreous bands and retinal folds was commonly on the
nasal side,” but in the current study, the folds extended
temporally in 92.5% (136/147) eyes, although in the “true”
unilateral congenital fold group of 26 patients (26 eyes),
the folds extended nasally, superiorly, or inferiorly in
higher rate of 34.6% (9/26) eyes compared to 7.5%
(11/147) eyes.

The affected eye also had a peripheral avascular zone
and retinal vascular abnormalities including neovascular-
ization, hemorrhage, and exudates that indicated active
retinopathy. The retinal folds were unilateral in 78.5% of
eyes; however, 71.5% of patients with a unilateral fold had
abnormal retinal vascular changes, a dragged retina, or
total retinal detachment and leukokoria in the fellow eye.
Insufficient retinal vascular development and abnormal
vascular changes were seen frequently in the temporal
periphery of the fellow eyes (34.7%). Since the growth of
retinal vessels is more likely to be delayed temporally than
nasally, these features seemed to indicate that most retinal
folds in the current series may have resulted from bilateral
incomplete and abnormal vascular retinal development,
similar to that of ROP. Most congenital retinal folds may
be caused by insufficient retinal vascular development, as
in FEVR, rather than by PFV. It is interesting that features
in each eye of the same patient are often quite different in
this series. It is distinctly unusual in ROP for patients to
develop severe retinopathy in 1 eye but not develop a
similar degree of pathology in the other eye. Insufficiency
of vascular development of this series may originate from
gene mutations that related to morphogenesis of the
retinal vessels. The molecular mechanism needs further
elucidation.

The family history was positive in 64.0% of cases in
which family members were examined. All positive cases
had bilateral manifestations of incomplete and abnormal
vascular development that confirmed the diagnosis of
FEVR. Most positive cases were transmitted by autosomal
dominant inheritance, while none was transmitted by
autosomal recessive or X-linked recessive inheritance.
Sporadic cases may exist within 77.8% of negative cases
with bilateral manifestations. Gene studies to detect mu-
tations in FZD4, LRP5, and NDP are under way to clarify
the genetic characteristics of Japanese patients.

Regarding secondary fundus complications, a high rate
of fibrovascular proliferation and rapid progression of
tractional retinal detachments indicate the characteristics
of active FEVR. Van Nouhuys’ and Nishimura and asso-
ciates'® reported similar features of retinal folds. Various
retinal involvements in FEVR have been studied and
reported since 1982 in Japan.'°7'* There may be differ-
ences among races, but FEVR is supposed to be a rather
common origin of congenital retinal folds without systemic
associations.

The “true” unilateral congenital fold, the small group of
patients that most closely resemble “congenital retinal
folds” as previously described, seems to have different
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pathology. PFV may play a role in the pathogenesis of
congenital retinal folds in unilateral cases, especially those
associated with coloboma in the affected or fellow eye,'* in
which a tent-shaped retinal detachment (fold) extends
inferiorly along with the fetal fissure. In those cases, the
tractional fetal tissue pulled on the retina and caused a
tent-like configuration.’ The term anterior-peripheral PFV
and not posterior PHPV should be used for the origin of
congenital retinal folds pulled by the fetal fibrous tissue in
the periphery. However, it is rare that PFV results in
peripheral fibrous proliferation, because PFV usually pro-
liferates along the hyaloid artery.

Few reports have been published on the long-term
prognosis of retinal folds. Van Nouhuys reported that 3
different factors play an etiologic role in the pathogenesis
of retinal detachments in eyes with FEVR: traction from
vitreous membranes, atrophy of the peripheral retina, and
subretinal exudation.!® In that study, the most frequent
late complication was a retinal detachment, which devel-
oped in 20% of 180 eyes with FEVR, and traction was the
most important cause of the retinal detachment. Recently,
surgery, including peripheral laser ablation and vitrectomy,
has been advocated in FEVR including retinal folds.
Previous reports of vitrectomy to treat FEVR mainly
involved cases of tractional retinal detachment.!%7

In the current study, nearly 30% of affected eyes with
congenital retinal folds developed secondary fundus com-
plications including fibrovascular proliferation, tractional
retinal detachment, rhegmatogenous retinal detachment,
and exudative retinal detachment. Even in the group of
patients with “true” unilateral congenital fold, secondary
fundus complications developed in 23.1%. The complica-
tion rate with the “true” unilateral fold seems to be also
high in fundus and rather higher in the anterior segments.

Fibrovascular proliferation developed from neovascular-
ization of active retinopathy in 7.5% of eyes, mostly within
the first year of life. Tractional retinal detachments devel-
oped from excessive fibrovascular proliferation and re-
growth in 12.9% in infants and younger children under 4
years of age. However, it is noteworthy that fibrovascular
proliferation and tractional retinal detachments may de-
velop from regrowth in older children aged 7 to 10 years.
Meanwhile, rhegmatogenous retinal detachments and ex-
udative retinal detachments developed in 8.2% and 1.4%,
respectively, in older children from 2 to 16 years old.
Ocular trauma was highly involved in the development of
rhegmatogenous retinal detachments. Retinal breaks
mostly occurred in the periphery within the stretched
retinal folds, resulting in intractable PVR. Laser photoco-
agulation, scleral buckling, and vitrectomy with lensec-
tomy were performed in the affected eyes with useful
vision; however, the success rates for eyes complicated
with fibrovascular proliferation, a tractional retinal detach-
ment, and a rhegmatogenous retinal detachment were
80%, 70%, and 27%, respectively.
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These results indicated that very early diagnosis
within the first months of life, frequent examinations at
a young age, and early intervention with laser and
vitreoretinal surgery are essential to prevent serious
complications and preserve useful vision. Fundus FA is
recommended in cases suspected to arise from neovas-
cularization of active retinopathy. The current findings
also confirmed the need for a thorough ophthalmoscopic
examination of the fellow eye in patients with unilateral
retinal folds and for examinations of siblings at an early
age. Early detection of a retinal detachment was ex-
tremely hard in eyes with a unilateral fold or in worse
eyes with bilateral folds. We also recommend that older
children undergo follow-up every 3 months, avoid sports
associated with a high risk of ocular trauma, and wear
protective glasses. Secondary complications in the an-
terior segment also developed in nearly 11% with
congenital retinal folds in the current series. Glaucoma

and cataract developed in 6.1% and 5.4%, respectively,
in patients around 5 years of age; however, those
diseases may develop in infants to older children older
than 9 years of age. Longer follow-up may increase the
morbidity of the anterior and posterior complications.
Thus, life-long observation is needed to preserve vision
in eyes with a retinal fold.

The final BCVAs were 20/100 to 20/20 in 5 eyes (4.2%),
2/100 to 20/200 in 45 eyes (37.8%), and 2/200 or worse in
69 eyes (58.0%), because the temporal retina including the
macula was folded in most eyes. In 5 eyes with VA of
20/100 or better, the folds were pulled nasally, superiorly,
or inferiorly to the periphery and the normal macular
morphology was preserved. It is suggested that even in eyes
with congenital retinal folds, if the macular is rotated,
appropriate treatment for amblyopia should be performed
to facilitate development of good vision and binocular
function.'®
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Stress-Activated Protein Kinase MKK7 Regulates Axon
Elongation in the Developing Cerebral Cortex

Tokiwa Yamasaki,"-* Hiroshi Kawasaki,*> Satoko Arakawa,? Kimiko Shimizu,® Shigeomi Shimizu, Orly Reiner,’
Hideyuki Okano,? Sachiko Nishina,’ Noriyuki Azuma,® Josef M. Penninger,'® Toshiaki Katada,* and Hiroshi Nishina!
Departments of ' Developmental and Regenerative Biology and 2Pathological Cell Biology, Medical Research Institute, Tokyo Medical and Dental University,
Bunkyo-ku, Tokyo 113-8510, Japan, *Department of Physiological Chemistry, Graduate School of Pharmaceutical Science, “Department of Molecular and
Systems Neurobiology, Graduate School of Medicine, 3Global COE Program “Comprehensive Center of Education and Research for Chemical Biology of the
Diseases,” and *Department of Biophysics and Biochemistry, Graduate School of Science, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan,
"Department of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel, 8Department of Physiology, School of Medicine, Keio University,
Shinjuku-ku, Tokyo 160-8582, Japan, *Department of Ophthalmology, National Center for Child Health and Development, Setagaya-ku, Tokyo 157-8535,
Japan, and '°IMBA, Institute of Molecular Biotechnology of the Austrian Academy of Science, 1030 Vienna, Austria

The c-Jun NH?-terminal protein kinase (JNK), which belongs to the mitogen-activated protein kinase family, plays important roles in a
broad range of physiological processes. JNK is controlled by two upstream regulators, mitogen-activated protein kinase kinase (MKK) 7
and MKK4. To elucidate the physiological functions of MKK7, we used Nestin-Cre to generate a novel mouse model in which the mkk7 gene
was specifically deleted in the nervous system (Mkk7/"*/1* Nestin-Cre mice). These mice were indistinguishable from their control
littermates in gross appearance during embryogenesis but died immediately after birth without breathing. Histological examination
showed that the mutants had severe defects in brain development, including enlarged ventricles, reduced striatum, and minimal axon
tracts. Electron microscopy revealed abnormal accumulations of filamentous structures and autophagic vacuoles in Mkk 7"/ Nestin-
Crebrain. Further analysis showed that MKK7 deletion decreased numbers of TAG-1-expressing axons and delayed neuronal migration
in the cerebrum. Neuronal differentiation was not altered. In utero electroporation studies showed that contralateral projection of axons
by layer 2/3 neurons was impaired in the absence of MKK7. Moreover, MKK7 regulated axon elongation in a cell-autonomous manner in
vivo, a finding confirmed in vitro. Finally, phosphorylation levels of JNK substrates, including c-Jun, neurofilament heavy chain,
microtubule-associated protein 1B, and doublecortin, were reduced in Mkk77%¥19% Neestin-Cre brain. Our findings demonstrate that the
phenotype of Mkk7"™”®* Nestin-Cre mice differs substantially from that of Mkk4"** Nestin-Cre mice, and establish that MKK7-

mediated regulation of JNK is uniquely critical for both axon elongation and radial migration in the developing brain.

Introduction

The activation of c-Jun NH?-terminal protein kinase (JNK) re-
sults in the phosphorylation of numerous important substrates,
including the AP-1 transcription factor c-Jun (Hibi et al., 1993)
and various microtubule-associated proteins (MAPs) (Kawauchi
et al., 2003; Gdalyahu et al., 2004), that control cellular processes
such as cell growth, apoptosis, differentiation, migration, and
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transformation. JNK activation in response to environmental
stresses, growth factors, hormones, and proinflammatory cyto-
kines is triggered by mitogen-activated protein kinase (MAPK)
kinase 4 (MKK4) and MKK7 (Davis, 2000; Chang and Karin,
2001; Asaoka and Nishina, 2010). While MKK4 activates both
JNK and another MAPK, p38 (Enslen et al., 1998), MKK7 regu-
lates only the JNK signaling cascade.

MKK?7 modulates JNK signaling by interacting with scaffold pro-
teins such as the JNK-interacting protein (JIP) 1, 2, or 3 or filamin A
(Whitmarsh et al., 1998; Ito et al., 1999; Yasuda et al., 1999; Naka-
gawa et al., 2010). Previously, we reported that MKK?7 has an essen-
tial role in liver development, in that Mkk7 total knock-out mice die
at E12.5-E13.5 with severely disorganized livers and reduced hepa-
toblast numbers (Wada et al., 2004). This study also revealed that
hepatoblast proliferation depends on the MKK7-JNK-c-Jun path-
way. However, the functions of MKK?7 in other tissues remain un-
clear due to the early embryonic lethality of Mkk7 total knock-out
mice.

Several lines of evidence have established the importance of JNK
signaling in the mammalian brain. First, Jukl ™~ mice display an
abnormality in the maintenance of telencephalic commissures
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Figure 1.  The MKK7-JNK signaling pathway is activated in the developing brain and essential for postnatal viability. A, Analysis of INK activity during mouse development. Extracts of brains from
WT mice at the indicated stages of development were prepared and immunoblotted to detect NK activity. B, Analysis of MKK7 activity in WT adult mouse brain. MKK7 kinase activity was assayed
asdescribed in Materials and Methods. Testis, Negative control. ¢, CNS-specific targeting of the murine mkk7 gene. The genomic mkk? locus, the mkk7 targeting vector, the predicted structure of the
mutated mkk7 locus, and the floxed and deleted mkk7 alleles are depicted. Black boxes, mkk7 exons; black arrowheads, loxP sites; white arrowheads, FRT sites; X, Xbal; H, Hindlll; B, BamHI; P, Pstl.
The Neo and DTA cassettes and the probe used for Southern blotting are indicated. D, Confirmation of MKK7 deletion. HindllI-restricted genomic DNA was prepared from mice of the indicated
genotypes at E16.5 and subjected to Southern blotting with the probe in C. E, Suppression of INK activity by MKK7 disruption in the CNS. Left, Extracts of brains of E18.5 embryos of the indicated
genotypes were immunoblotted to detect the indicated proteins. Right, Normalized protein expression levels for MKK7/Gapdh, phospho-JNK/JNK, and phospho-MKK4/MKK4 in the extracts in the
left panel were determined by densitometry and are shown in the histograms. F, Mkk7 disruption results in death immediately after caesarean section. Control and Mkk7™™* Nestin-Cre embryos
were obtained by caesarean section at E18.5 and subjected to gross examination. All control mice started breathing (13/13), but most Mkk7™/™* Nestin-Cre mice (9/10) did not and died
immediately. Scale bar, 5 mm.

Table 1. MKK?7 is critical for postnatal viability (Chang et al., 2003) as well as altered dendritic architecture (Bjork-
Number of embryos or newborns with genotype blom et al., 2005). Second, the dopaminergic neurons of both

MKk k7o Jnk2™’ and ]11!(3”/ ~ mice resist MPTP—inducec'l cell. death (Hun.ot

Stage  No.oflitters Total  MKKZ™'*  MKZ™™  Nestin-Cre  Nestin-Cre etal., 2004). Thirdly, Juk1/Jnk2 double mutant mice dieat E11.5 with
defective neural tube morphogenesis and reduced apoptosis in the

Sig é 12 18 1? 1‘; ; hindbrain butincreased apoptosis and caspase activation in the fore-
Bl 6:5 6 51 1 17 9 13 brain (Kuan et al., 1999; Sabapathy et al., 1999), showing that JNK
F85 7 54 14 9 14 17 signaling has both pro- and anti-apoptotic effects on the developing
P1 5 29 9 7 13 0 brain. Last, JNK signaling is involved in neuronal migration during

Mkk7"~ Nestin-Cre mice were crossed with Mkk7"*" mice and the genotypes of embryos or neonates were brain development. Cortical neuronal migration was retarded by
determined by PCR at the indicated stages. overexpression of a dominant-negative form of JNK (Kawauchi et
al.,, 2003), and specific deletion of MKK4 in

A Coritrol Mk 7oxMox _ th'e CNS cgused a delay in neuronal radial

Nestin-Cre F il migration in the cerebral cortex as well as

misalignment of Purkinje cells in the cere-

bellum (Wang et al., 2007). Together, these

reports demonstrate that the proper control

of JNK signaling is required for normal

brain development; however, the specific

role of MKKY7 in this control has yet to be
defined.

Here we report the generation of a
novel mouse model, Mkk7"*"* Nestin-
Cre mice, in which the murine mkk7 gene
is specifically deleted in neural stem cells
and postmitotic neurons. We found that
Mkk7*10% Nestin-Cre mice display phe-
notypes different from those previously
reported for Mkk4™*1°% Nestin-Cre mice,
indicating that MKK7 has unique and
crucial functions in the developing brain.

Controt 0D

Mkk7fioxiox

Nestin-Cre
Mk 7toxox
Nestin-Cre

Figure 2. Lack of Mkk7 causes abnormal brain development and reduced axon tracts in the cerebrum. A, Gross appearance of whole .

brains of control and Mkk7""* Nestin-Cre embryos at E18.5. Results are representative of embryos examined per genotype. Scalebar, 1~ Mater ials and Methods

mm. B-D, Histological analysis of brain defects in Mkk7™" Nestin-Cre mice. Horizontal sections of the brains of control and Mkk7™  Animals. Mice carrying the mkk7 flox allele
Nestin-Cre embryos at £18.5 were stained with cresyl violet. Left, Forebrains with inset boxes indicating CC (B), AC(€), and IC (D) areshown.  were described previously (Schramek et al.,
Scale bar, 500 rem. Right, Inset boxes in left panels are magnified. Scale bar, 500 pum. 2011). Mkk7"Mx mice were crossed to
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Nestin-Cre transgenic mice expressing Cre re-
combinase under the control of the mouse nes-
tin promoter and the second intronic neural
enhancer (Imai etal., 2006; Okada et al., 2006).
The resulting control (Mkk77ox/t | Mk ox/flox
and Mkk7"**  Nestin-Cre) and mutant
(MKkk7710%9% Nestin-Cre) mice were reared on a
normal 12 h light/dark schedule. The day when
a plug was observed in a female mouse was
designated as embryonic day 0.5 (E0.5), and
the day of birth was termed postnatal day 0
(P0). Mouse genotypes were determined by
PCR and Southern blotting. For all experi-
ments, only littermate mice from the same
breeding were used. All procedures were per-
formed in accordance with a protocol ap-
proved by the Tokyo Medical and Dental
University Animal Care Committee.

In utero electroporation. In utero electropo-
ration was performed as described previously
(Saito, 2006; Tabata and Nakajima, 2008) with
slight modifications. Briefly, pregnant mice
were anesthetized with sodium pentobarbital
and the uterine horns were exposed. Approxi-
mately 1-2 ul of DNA solution (1-2.5 mg/ml)
was injected into the lateral ventricle of each
embryonic brain using a pulled glass micropi-
pette. Each embryo within its uterus was then
placed between tweezer-type electrodes with a
diameter of 5 mm (CUY650-P5; NEPA Gene).
Square electric pulses (45 V, 50 ms) were
passed five times at 1 s intervals using an elec-
troporator (ECM830, BTX). Care was taken to
quickly place embryos back into the abdominal
cavity to avoid excessive temperature loss. The
wall and skin of the abdominal cavity were su-
tured, and embryos were allowed to develop
normally.

In vivo neuronal migration. Pregnant mice at
E15.5 were injected intraperitoneally with bro-
modeoxyuridine (BrdU) (50 mg/kg of body
weight). Embryos were dissected and fixed at
E18.5 and brains were processed for paraffin
sectioning. Deparaffinized and rehydrated 6
um coronal sections were treated with 2N HCI
at 37°C for 30 min and neutralized with 0.1%
boric acid buffer, pH 8.5. After blocking in 2% skim milk in PBS contain-
ing 0.1% Triton X-100, sections were subjected to immunohistochemical
analysis as described below.

Dissociation and culture of cortical neurons. At E16.5, cortices were dis-
sected from MkkZ"*1%% Nestin-Cre, Mkk710¥A0x \fick7005/% o wild-type
embryos that had been electroporated at E15.5. The dissected cortices
were placed in culture and incubated for 20 min with papain solution
plus DNase I at 37°C, followed by mechanical dissociation in dissociation
medium (EBSS; Sigma-Aldrich). Cortical neurons were plated onto
poly-L-lysine-coated coverslips, and maintained in Basal Medium Eagle
(Invitrogen) containing 1 mu L-glutamine (Sigma), HBSS (Invitrogen),
25% (v/v) horse serum (Invitrogen), 6.6 mg/ml dextrose (Sigma), peni-
cillin/streptomycin (Invitrogen), and 1 mm HEPES, pH 7.4 (Invitrogen).
Cortical neuron cultures were maintained in 5% CO, at 37°C.

Immunoblotting. Immunoblotting was performed as previously de-
scribed (Ura et al., 2007) with slight modifications. Proteins were ex-
tracted from tissues in TNE buffer [20 mm Tris-HCl, pH 7.4, 150 mm
NaCl, 1 mm EDTA, 1 mm EGTA, 0.5% Nonidet P40, 5% (w/v) glycerol,
1 mm PMSF, 200 mm NaF, 200 um Na;VO,, 10 png/ml aprotinin]. Total
extracts were clarified by centrifugation (20,000 X g for 10 min at 4°C)
and soluble proteins in the supernatants were quantified using the BCA
Protein Assay Kit (PIERCE). Protein extracts were fractionated by SDS/
PAGE and transferred to a PVDF membrane, which was incubated in

Control

Mkk77oxflox Nlestin-Cre

Figure 3.

Cortex
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Striatum

Loss of MKK7 causes accumulations of filamentous structures and autophagic vacuoles. Brains of control and Mk
Nestin-Cre embryos at E18.5 were analyzed by electron microscopy. The cortex () and striatum (B) are shown. Black arrows, Axons; black
arrowheads, mitochondria; white arrows, autophagic vacuoles; white arrowheads, swollen mitochondria; N, nuclei. Inset boxes, 4, Accu-
mulation of filamentous structures; B, top, swollen mitochondrion; 8, bottom, autophagic vacuole. Scale bar, 2 m.

blocking solution (2% skim milk in TBS) for 1 h. The blocked membrane
was incubated overnight in TBS containing 5% BSA plus antibodies rec-
ognizing phospho-JNK (Cell Signaling Technology), JNK1 (46 kDa and
55 kDa splicing variants; Santa Cruz Biotechnology), MKK?7 (Cell Signal-
ing Technology), GAPDH (Millipore Bioscience Research Reagents),
phospho-MKK4 (Cell Signaling Technology), MKK4 (Santa Cruz Bio-
technology), phospho-DCX (Gdalyahu et al., 2004), DCX (Gdalyahu et
al., 2004), phospho-neurofilament heavy chain (Covance), phospho-
MAP1B (Covance), MAP1B (Sigma), or tubulin (Invitrogen). The mem-
brane was then washed in TBS/Tween 20 (0.05%), incubated for 1 h
with anti-mouse/rabbit horseradish peroxidase-conjugated antibod-
ies (Jackson ImmunoResearch Laboratory), and washed three times
in TBS/Tween 20. Proteins were visualized using Immobilon-HRP
(Millipore) or the SuperSignal West Femto Kit (Pierce) and Chemi-
Doc XRS (Bio-Rad).

In vitro kinase assay. Assay of MKK7 activity was as described previ-
ously (Nakagawa et al., 2010). Endogenous MKK7 proteins were immu-
noprecipitated with anti-MKK7 (KN-004) monoclonal antibody (Wada
etal., 2001). Immunocomplexes were washed three times with lysis buf-
fer and three times with kinase reaction buffer, which consisted of 10 mm
MgCl,, 50 mm Tris-HC, pH 7.5, and 1 mm EGTA, MKK7 activity on
beads was measured using an in vitro MAPK kinase assay using 100 um
ATP and GST-JNKI1 as the substrate. Reactions were terminated after 30
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Axonal defects in the cortex and corpus callosum of Mkk7™™* Nestin-Cre mice. A, Suppression of INK phosphorylation in axons. Coronal sections of the cortexin control and Mkk 7/ x

Nestin-Cre embryos at E18.5 were immunostained with anti-phospho-JNK and anti-L1 antibodies. DAPI staining was used to visualize nuclei. CP, Cortical plate; IZ, intermediate zone. B, €, Coronal
sections of the cortex (B) and the CC (C) in control and Mkk7™/™* Nestin-Cre embryos at E18.5 were immunostained with anti-TAG-1 and anti-L1 antibodies as for 4. Scale bar: A=C, 200 am.

min at 30°C by the addition of 4X SDS gel sample buffer. The reaction
product was detected using anti-phospho-JNK antibody.

Nissl staining. Nissl staining was performed as described previously (Toda
et al., 2008) with slight modifications. Brains were fixed at E18.5 and pro-
cessed for paraffin sectioning. Deparaffinized and rehydrated 6 um horizon-
tal sections were subjected to Nissl staining with 0.2% cresyl violet.

Immunostaining. Immunohistochemistry was performed as described
previously (Kawasaki et al., 2000). For embryos, brains were isolated and
fixed overnight in 4% paraformaldehyde. For postnatal mice, the animals
were deeply anesthetized with pentobarbital and transcardially perfused
with 4% paraformaldehyde. Fixed tissues were cryoprotected by over-
night immersion in 30% sucrose, followed by embedding in OCT com-
pound. Sections of 14 um thickness were attached to glass slides, whereas
sections of 50 pum thickness were floated on PBS. For cultures of disso-
ciated neurons, cells were fixed by incubation in 4% paraformaldehyde
for 5 min at 37°C.

For immunostaining, tissue sections and isolated cells were permeabil-
ized with 0.1-0.5% Triton X-100 in PBS and incubated overnight with
primary antibodies, including those recognizing phospho-JNK (Cell Sig-
naling Technology), TAG-1 (DSHB), L1 (Millipore Bioscience Research
Reagents), cleaved caspase-3 (PharMingen), B-tubulin III (Covance),
Brn2 (Santa Cruz Biotechnology), Satb2 (Abcam), Ctip2 (Abcam),
Foxp2 (Abcam), Tbr2 (Abcam), or GFP or RFP (both from MBL). Im-
munostained tissues and cells were then incubated with Alexa488-
and/or Cy3-conjugated secondary antibodies and 1 pg/ml Hoechst
33342, followed by washing and mounting. Epifluorescent microscopy
was performed using an Axioimager Al microscope (Carl Zeiss) and
BZ9000 (Keyence). Confocal microscopy was performed using an
LSM510 microscope (Carl Zeiss).

Electron microscopy. Tissues were fixed by immersion first in 1.5%
paraformaldehyde plus 3% glutaraldehyde in 0.1 M phosphate buffer,
pH 7.3, and then in an aqueous solution of 1% OsO,. Fixed samples were
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Figure5.  Loss of MKK7 does not influence apoptosis or neuronal differentiation in the brain. A, B, Coronal sections of cortex (4) and CC (B) in control and Mkk7™™° Nestin-Cre embryos at E18.5
were immunostained with anti-cleaved caspase-3 and anti-B-tubulin lll antibodies. , D, Coronal sections of the cortex n control and Mkk7™™* Nestin-Cre embryos at E16.5 (C) or E18.5 (D) were
immunostained with antibodies recognizing the neuronal markers Brn2, Satb2, Ctip2, Foxp2, or Tbr2. Scale bar, 200 jum.



