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immunoblotted to detect total and acti-
vated JNK. MKK7 activity was measured by
in vitro kinase assay. We found that INK and
MKK?7 were highly activated from the E16.5
to the adult stages (Fig. 1A, B, and data not
shown). These data establish that MKK7-
JNK signaling occurs during normal brain
development.

To investigate the role of this MKK7-
JNK signaling in vivo, we made a mutant
mouse carrying a mkk7 flox allele (Fig.
1C), and crossed it with a transgenic
mouse line that expresses Cre under the
control of the nestin promoter (Imai etal.,
2006). We confirmed the deletion of mkk7
in Mkk7"¥°% Nestin-Cre brain at E16.5
by Southern blotting (Fig. 1D). As ex-
pected, levels of MKK7 and phosphory-
lated JNK proteins were markedly reduced
in the brains of these mice, but, unexpect-
edly, phospho-MKK4 was upregulated (Fig.
1E). These results suggest that, in the ab-
sence of one JNK regulator (MKK?7), the ac-
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tivation of another JNK regulator (MKK4)
may increase in compensation.

To investigate whether MKK7 was im-
portant for postnatal viability, we inter-
crossed  MkkZ"*  Nestin-Cre and
Mkk7"7°% mice and determined the ge-

notypes of embryos and postnatal pups.
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Figure 6.  MKK7 deletion delays neuronal radial migration in the cortex. A, Control and Mkk7™™* Nestin-Cre embryos were
labeled in utero with BrdU at E15.5 and coronal sections were prepared at E18.5 and analyzed by immunostaining with anti-BrdU
antibody. White, BrdU. Scale bar, 100 zum. CP, cortical plate; IZ, intermediate zone. B, Distribution of BrdU-positive nuclei. The
immunostained cortices in A were divided into four equal bins from the pial side to the ventricular side. The percentage of the total
number of immunostained nuclei in a particular bin was determined and the results plotted in a histogram. Data shown are the

mean == SD (n = 6). *p << 0.05; **p < 0.01.

embedded in Epon812, and thin sections (70—80 nm) were cut and
stained with uranyl acetate and lead citrate for observation under a Jeol-
1010 electron microscope (Jeol) at 80 kV.

Plasmids. All genes were expressed under the control of the CAG pro-
moter. pCAG-NLS-Cre and pCAG-floxed-polyA-EGFP were kindly pro-
vided by Dr. Fumio Matsuzaki (RIKEN-CDB, Japan). pCAG-EGFP-
MKK7, pCAG-EGFP-MKK4, pCAG-MKK7-JNK, pCAG-c-Jun-IRES-
EGFP, and pCAG-EGFP-JBD were constructed in the Nishina laboratory
using standard protocols. Plasmids were purified using the Endofree Plas-
mid Maxi kit (Qiagen).

Statistical analysis. Data were analyzed using the paired Student’s ¢ test for
two-tailed distributions. Significance levels were as follows: *p < 0.05, **p <
0.01, ***p < 0.001, ***p < 0.0001.

Results

Mkk77°*°* Nestin-Cre mice die at PO without breathing
Because MKK?7 total knock-out mice are embryonic lethal, it has
not been possible to examine MKK?7 functions in the brain. To
confirm that MKK7-JNK signaling occurs during normal brain
development, we established a time course of JNK phosphoryla-
tion and MKK7 activity in wild-type (WT) mouse brain. Extracts
of brains of embryos from E12.5 to adult were prepared and
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TJ ‘ Surprisingly, although Mkk7"°* Nestin-
40 Cre mice appeared normal through all
embryonic stages, no mutants were de-
tected on P1 (Table 1). To determine
whether Mkk7"/71% Nestin-Cre mice died
at birth, we performed caesarean sections
and found that Mkk7™¥M% Nestin-Cre
mice were indistinguishable from con-
trols at E18.5. However, all but one
MEkk7°% Nestin-Cre mouse died im-
mediately without breathing after caesar-
ean section (Fig. 1F). MKK?7 is therefore
vital for postnatal survival.

Abnormal brain development in Mkk7"**/"** Nestin-Cre mice

The death of Mkk7"*"#°* Nestin-Cre mutants at birth suggested
that there might be defects in the brains of these animals. To
assess brain histology, sections of various brain structures were
prepared from control (Mkk7"*, Mkk7"*M°% and Mkk7"*/*
Nestin-Cre) and Mkk7"*°* Nestin-Cre mice at E18.5 and stained
with cresyl violet. Although Mkk7"*"/% Nestin-Cre whole brain
was grossly indistinguishable from control littermate whole brain
(Fig. 2A), histological analysis showed that Mkk7"/"** Nestin-
Cre brain had larger ventricles and a reduced striatum compared
to control brain (Fig. 2 B). In addition, whereas the corpus callo-
sum (CC) and the anterior commissure (AC) were clearly formed
in control E18.5 brain, these commissural axon tracts were barely
detectable in E18.5 Mkk7"*/"** Nestin-Cre brain (Fig. 2B,C).
Moreover, although there was no defect in the mutant hippocam-
pal commissure (data not shown), the internal capsule (IC),
which consists of axonal fibers connecting the cerebral cortex and
subcortical brain regions, was reduced in size in Mkk77¥/fox
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Nestin-Cre brain (Fig. 2D). These data indicate that MKK7 reg-
ulates the formation of axon tracts during brain development.

To further examine the effect of MKK7 deletion on axon
tracts, we used electron microscopy to look for ultrastructural
alterations in Mkk7"* Nestin-Cre brain. We found that abnor-
mally electron-dense axons were present in Mkk7"*/1°% Nestin-
Cre cortex and striatum (Fig. 3A,B), and that these structures
contained an accumulation of intermediate filaments (Fig. 3A,
inset). In addition, autophagic vacuoles and swollen mitochon-
dria were detected in the striatum, cortex, and brainstem of
Mkk719%719% Neestin-Cre brain (Fig. 3B and data not shown). Thus,
MKK7-mediated regulation of JNK may be important for sup-
pressing autophagy and controlling the distribution of interme-
diate filaments in the developing brain.

Impaired axon formation

Our histological analyses led us to hypothesize that MKK7-JNK sig-
naling might normally be activated in the axons of WT developing
brain. As expected, phospho-JNK coimmunostained with L1, which
is a cell adhesion molecule expressed on axons, in control brain but
was reduced in Mkk7""* Nestin-Cre brain (Fig. 4A). We then
performed a more detailed analysis by immunostaining to detect
both L1 and transient axonal glycoprotein-1 (TAG-1), which is ex-
pressed in corticofugal axons (Wolfer et al., 1994; Denaxa et al.,
2001). In Mkk7"*0% Nestin-Cre brain at E18.5, we found that num-
bers of L1-positive as well as TAG-1-positive axons were decreased in
the cortex and CC compared to controls (Fig. 4 B,C). These results
indicate that MKK?7 has a particularly important role in the forma-
tion of TAG-1-positive axons.

Because previous reports implicated JNK in regulating apoptosis
during brain development (Kuan etal., 1999; Sabapathy etal., 1999), we
examined whether apoptosis was altered in Mkk7"/°* Nestin-Cre
brain. Immunostaining with antibody specific for cleaved caspase-3 re-
vealed that, like control brain, there were few apoptotic cells in the
Mkk7"* Neestin-Cre cortex (Fig. 5A). Apoptotic cells were also rare in
the striatum of both Mkk /"% Neestin-Cre and control brains (data not
shown). A few apoptotic cells were observed surrounding the mutant
CC but were no more frequent than in control brains (Fig. 5B). Thus, a
lack of MKK?7 does not impair the regulation of apoptosis in the devel-
oping brain.

We next investigated whether loss of MKK7 caused any alter-
ations to neuronal differentiation. Cortical neurons can be iden-
tified by immunostaining with antibodies recognizing neuronal
markers such as Brn2, Satb2, Ctip2, Foxp2, and Tbr2 (Bulfone et
al., 1999; McEvilly et al., 2002; Ferland et al., 2003; Arlotta et al.,
2005; Britanova et al., 2005). We detected expression of all of
these markers in Mkk7"*°*Nestin-Cre cortex (Fig. 5C,D), indi-
cating that cortical neurons differentiate normally without
MKK?7. Next, because it was reported that the major JNK substrate
¢c-Jun is involved in the specification of GABAergic/glutamatergic
neurons in the spinal cord of Xenopus tropicalis (Marek et al., 2010),
we performed an in situ hybridization analysis of Mkk7"/%* Nestin-
Crespinal cord using probes for gadl and vglut2, which are expressed
in GABAergic or glutamatergic neurons, respectively. However, no
significant alterations to expression levels of gadl or vglur2 were
detected between control and Mkk7"* Nestin-Cre mice (data not
shown). These data show that, as was true for cortical neurons, the
differentiation of GABAergic and glutamatergic neurons is not af-
fected by MKK7 deletion.

Delayed neuronal radial migration
Previous reports showed that overexpression of dominant-
negative JNK or MKK4 disruption can delay neuronal radial mi-
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Figure 7. Deletion of mkk7 in layer 2/3 neurons prevents axon elongation i vivo. A~C, Layer-
specificMKK7 deletion. pCAG-NLS-Cre and pCAG-floxed-polyA-EGFP were introduced by in utero elec-
troporation into the VZ of control Mkk7™* and Mkk 77" embryos at £15.5. Brains were fixed on
the indicated postnatal days and coronal sections of the cortex were immunostained with anti-GFP
antibody. Hp., Hippocampus. Scale bar, 1 mm. D, Higher-magnification view of axons in the cortices of
the Mkk7™™ and Mkk7™* mice in C. Scale bar, 200 pum. E, Higher-magnification view of the
inset boxes in D, focusing on the white matter (broken lines). Scale bar, 100 pm.

gration in the cerebral cortex (Kawauchi et al., 2003; Wang et al.,
2007). To determine whether MKK?7 also affects this process, we
performed a timed pregnancy study of BrdU incorporation in the
developing cerebral cortex. Embryos were labeled in utero with
BrdU at E15.5 and brain sections prepared at E18.5 were immu-
nostained with anti-BrdU antibody. We found that, in Mkk 7"/
Nestin-Cre brain, BrdU-positive cells were dispersed throughout
the ventricular zone (VZ), intermediate zone, and cortical plate,
with a small proportion of BrdU-positive cells located in Binl. In
control brain, a significantly larger proportion of BrdU-positive
cells was located in Binl (Fig. 6 A, B). Thus, like MKK4, MKK7
influences the radial migration of neurons in the cortex.
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Figure8. Deletion of mkk7 in layer 2/3 neurons reduces neurite length in vitro. A~C, Reduced axon elongation. The VZ of control (n = 6) and Mik 77X Nestin-Cre (n = 3) embryos at E15.5 was
electroporated with pCAG-EGFP. Brains were dissected at E16.5 and primary neuron cultures were established. A, After 2, 4, or 6 DIV, neurons were fixed and stained with anti-GFP antibody (upper
panels; scale bar, 100 wm). B, The lengths of the longest neurites of individual neurons in the cultures in A were measured at2, 4, and 6 DIV (=100 neurons examined in each 2 DIV and 4 DIV culture,
and >40 neurons in each 6 DIV culture). The results are plotted as a histogram and are the mean ~+ SE for each time point (Mkk7"™* Nestin-Cre, n = 3; control, n = 6). , The distribution of the
longest neurite lengths was plotted for each set of cultures in A. Results are the mean = SD (Mkk7™7%% Nestin-Cre, n = 3; control, n = 6). D, Cell-autonomous defect. The VZ of control and
Mkk7™%* embryos at £15.5 was electroporated with pCAG-NLS-Cre plus pCAG-floxed-polyA-EGFP, and primary neuron cultures were established at E16.5. After 4 DIV, neurons were fixed and
stained with anti-GFP-antibody (upper; scale bar, 50 Lum). The lengths of the fongest neurites of individual neurons were measured, and the distribution of these lengths was plotted (lower). Results are the
mean = SD{n = 3).E, Effect of INK inhibition. The VZ of WT embryos at E15.5 was electroporated with pCAG-EGFP or pCAG-EGFP-JBD, and primary neuron cultures were established at E16.5. After 2 DIV, neurons
were fixed and stained (left; scale bar, 50 um). The distribution of neurite lengths was analyzed as for E (right). Results are the mean = SD {n = 3). ForA-D, *p << 0.05,***p << 0.001, ****p << 0.0001.

MKK?7 deletion in layer 2/3 neurons results in the
disappearance of contralateral projecting axons in vivo

Our immunostaining experiments indicated that axon tracts
were abnormal in the absence of MKK?7. However, axon elonga-
tion is regulated not only by the neuron itself but also by envi-

ronmental factors such as nerve growth factors. To determine
whether the axon defect, we observed was due to the effects of
MKK?7 deletion on neuronal axon elongation or on environmen-
tal factors, we generated mice in which MKK7 disruption was
induced specifically in layer 2/3 neurons. We used in utero elec-
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troporation to introduce pCAG-NLS-Cre and its reporter plas-
mid pCAG-floxed-polyA-EGFP into the VZ of control and
Mkk7"*°% embryos at E15.5. We then killed the pups at P4, P10,
or P31 and examined them for GFP fluorescence (representing
successful Cre recombination). GFP-positive neurons were de-
tected in layer 2/3 neurons in both Mkk7"* and Mkk7/"o/flex
brains through all postnatal stages examined. However, unlike
controls, GFP-positive neurons in Mkk7™° brain were not
able to elongate axons to reach the contralateral cortex by P4 (Fig.
7A), nor was contralateral elongation detected at P10 or P31 in
the mutant brains (Fig. 7B,C). Interestingly, when we investi-
gated the morphology of these faulty axons in detail at P31, we
found that both control and Mkk7"f1°* layer 2/3 neurons were
able to elongate axons radially in the cerebral cortex such that
their branches projected to layer 5 (Fig. 7D). However, in the
mutant brain, axons running tangentially in the white matter had
disappeared (Fig. 7E). When we attempted to determine whether
the disappearance of these contralaterally projecting axons was
due to a failure in axon guidance, we found no evidence of an
axon guidance defect (data not shown). These results show in vivo
that MKK?7 regulates axon elongation in a cell-autonomous man-
ner, and that MKK?7 is required for the contralateral projection of
axons of layer 2/3 neurons in the white matter.

We also examined axon elongation of layer 2/3 neurons i vitro.
We introduced GFP into control and Mkk7" "% Nestin-Cre brains
by in utero electroporation at E15.5 and prepared cultures of disso-
ciated neurons at E16.5. We then measured the lengths of the longest
neurites appearing in the cultures and found that there were more
neurons with shorter neurites in Mkk7"/% Nestin-Cre cultures af-
ter 2,4, or 6 d in vitro culture (DIV) compared with control cultures
(Fig. 8A-C). To determine whether this defect in axon growth was
induced a cell-autonomous manner, we disrupted MKK7 in
Mkk 7" |ayer 2/3 neurons using in utero electroporation of NLS-
Cre and floxed-polyA-EGFP, and cultured control and mutant
GFP-positive neurons for 4 d. Upon measurement of the longest
neurites appearing in these cultures, we found that there were more
neurons with shorter neurites in Mkk7™"** cultures at 4 DIV com-
pared with Mkk7"* cultures (Fig. 8 D). These results confirm i
vitro that MKK7 regulates axon elongation in a cell-autonomous
manner.

To determine whether our observations were due to effects on
JNK signaling, we investigated whether inhibition of JNK caused
the same neuronal phenotype as MKK7 disruption. WT layer 2/3
neurons were prepared after in utero electroporation of a plasmid
expressing the JNK binding domain of JIP1 (JBD), which acts as
a JNK inhibitory peptide (Westerlund et al., 2011). We found
that, like MKK7 deletion, JNK inhibition resulted in more neu-
rons with shorter axons (Fig. 8 E). These results support our hy-
pothesis that MKK7’s effects on axon elongation are likely due to
MKXK?7’s regulation of its downstream target JNK.

Reduced phosphorylation of cytoskeletal components

We next determined whether the loss of MKK?7 in neurons altered
the phosphorylation of JNK substrates. Because phosphorylation of
c-Jun was reduced in Mkk7"* Nestin-Cre neurons (Fig. 9A), we
performed rescue experiments in which plasmids expressing MKK7,
MKK4, MKK7-JNK fusion protein (constitutively active JNK), or
c-Jun were coelectroporated along with NLS-Cre and floxed-polyA-
mCherry or -GFP into the VZ of E15.5 control and mutant embryos.
Coelectroporation of MKK7 (Fig. 9B) and constitutively active INK
(Fig. 9D) allowed mutant neurons to recover their ability to con-
tralaterally elongate axons, but the same was not true for coelectro-
poration of either MKK4 (Fig. 9C) or c-Jun (Fig. 9E). These data
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Figure 9.  Contralateral axon projection is rescued by electroporation of MKK7 and active-JNK but
not by MKK4 or c-Jun. A, Decreased c-Jun phosphorylation. Brain extracts prepared from control and
Mik7™™% Nestin-Cre embryos at £18.5 were immunoblotted to detect total c-Jun and phospho-c-
Jun. B~E, Reversal of effects of MKK7 disruption. pCAG-NLS-Cre and pCAG-floxed-polyA-mCherry or
-GFP were coelectroporated along with MKK7 (0.25 mg/ml) (B), MKK4 (0.25 mg/ml) (), MKK7-JNK
(0.05 mg/mi) (B), or c-Jun (1.0 mg/mi) (€) into the VZ of control and Mkk7™™* embryos at E15.5.
Brains were fixed at P10 and coronal sections of cortices were immunostained with anti-RFP or GFP
antibody. Arrows indicate axons rescued by coelectroporation. Hp, Hippocampus. Scale bar, 1 mm.

suggest that MKK?7 regulates axon elongation through JNK, but
that this signaling pathway does not involve transcription medi-
ated by c-Jun.

In Mkk4"7°* Nestin-Cre mice, the phosphorylation of cer-
tain neurofilament and MAPs is reportedly altered (Wang et al.,
2007). Neurofilament heavy chain (NF-H) is a neuron-specific
intermediate filament whose C-terminal tail is constitutively phos-
phorylated in axons by several proline-directed kinases, including
JNK. When we investigated phosphorylation levels of NF-H in
Mkk7""°* Nestin-Cre brain, we found that NF-H phosphorylation
was reduced (Fig. 10A). The axon elongation and radial migration
required for normal brain development also rely on MAP-
dependent regulation of microtubule dynamics, and MAP activity is
controlled by phosphorylation mediated by a number of protein
kinases, including JNK. When we tested whether MAP phosphory-
lation was altered in Mkk7"™"* Nestin-Cre brain, we found that
phosphorylation levels of MAP1B were reduced (Fig. 10 B). In addi-
tion, the phosphorylation of doublecortin (DCX) was suppressed
byloss of MKK?7 (Fig. 10C), an alteration that does not occur after
disruption of MKK4 (Wang et al., 2007). These data show that,
within the developing brain, MKK7 regulates the phosphoryla-
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Figure 10.  MKKY regulates MAP phosphorylation. A—C, Brain extracts from control and Mkk7™" X Nestin-Cre embryos at
F18.5 were immunoblotted to detect phospho-NF-H and tubulin (loading control) (4); phospho-MAP1B and total MAP1B (B); and
phospho-DCX and total DCX (€). B, Defective microtubule structures in axons of Mkk7""* Nestin-Cre brain. Electron micrographs
of horizontal sections (upper) and cross-sections (lower) of axons in control and Mik7™%*Nestin-Cre brains are shown. Black

arrowheads, Microtubules. Scale bars, 200 nm.

tion of not only NE-H and MAP1B, which are also regulated by
MKK4, but also DCX.

We next examined whether microtubule stabilization could
ameliorate the axonal defects caused by MKK?7 disruption. Cultures
of Mkk <% Nestin-Cre primary neurons were treated with Taxol,
a drug that stabilizes microtubules and induces axon formation (Hi-
rai et al., 2011). We found that Taxol treatment did indeed increase
the lengths of axons in Mkk7"*®* Nestin-Cre brain, but that these
structures were still shorter than axons in Taxol-treated control cul-
tures (data not shown). Finally, we examined microtubule structures
in sections of axons directly by electron microscopy and found that
Mkk7"%% Nestin-Cre brain contained axons with fewer and
shorter microtubules than control brain (Fig. 10 D). Thus, the regu-
latory effects of MKK7 on molecules critical for microtubule struc-
tures involve more than mere microtubule stabilization and do not
overlap the effects of MKK4.

Discussion

Role of MKK?7 in axon elongation

In this study, we investigated the physiological functions of
MKK?7 in the developing brain. Our most striking finding is
that MKK7 regulates the elongation of axons by layer 2/3 neu-
rons. Mkk7""°* Nestin-Cre brains displayed defective forma-
tion of axon tracts and decreased numbers of TAG-1-positive
axons (Figs. 2, 4), a phenotype never observed in JNK-deficient
mice. Jnk1/2 double mutant mice die during early embryogenesis,
precluding analysis of the developing brain. No brain defects
have been reported for Juk2 and/or Jnk3 knock-out mice (Hunot
etal., 2004), and although JukI ™~ mice display abnormalities of
axon maintenance and radial migration, axon formation is nor-
mal in these mutants (Chang et al., 2003; Westerlund etal., 2011).
These results indicate that there is redundancy among JNK1, 2,
and 3 functions that obscures the effects of JNK signaling on axon
elongation because all of these kinases are expressed in the brain.
Our report on mice lacking the JNK activator MKK7 specifically
in neural stem cells and postmitotic neurons is the first to dem-
onstrate that JNK signaling regulates axon elongation in vivo.

Mk 71fioxifiox
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By using in utero electroporation, we
Cre showed that MKK7 controls axon elonga-
tion in a cell-autonomous manner (Figs. 7,
8). Our work has also uncovered a very in-
teresting phenotype affecting neuronal con-
tralateral axon projection. It is well known
that axons of layer 2/3 neurons run radially
in the ipsilateral cortex to the white matter,
and then run tangentially and project to the
contralateral cortex. In the ipsilateral side,
layer 2/3 axons normally extend branches
projecting to layer 5 and form barrel nets,
which are axonal trajectories made after
the initial appearance of barrels (Sehara
etal., 2010). In our study, layer 2/3 neu-
rons lacking MKK?7 did not extend ax-
ons running tangentially in the white
matter or form contralateral projec-
tions, although the axons of these neu-
rons did run radially in the ipsilateral
cortex and formed branches and barrel
nets (Fig. 7D,E). Our results suggest
that axon elongation is regulated by dif-
ferent mechanisms in the cerebral cor-
tex and in the white matter, and that
MKKY7 plays an important role only in
the latter case.

Role of MKK?7 in MAP regulation

Proper regulation of microtubule dynamics is critical for axon
elongation and radial migration, and this control is mediated
mainly by MAPs such as MAP1B and DCX that bind to microtu-
bules and stabilize them. Double mutant mice such as the Map1b/
Tau or Dex/doublecortin-like kinase (Dclk) strains display axonal
malformation during brain development (Takei et al., 2000; Koi-
zumi et al., 2006). Importantly, the ability of MAPs to regulate
microtubule dynamics depends on their phosphorylation by sev-
eral protein kinases, including JNK (Kawauchi et al., 2003; Gda-
lyahu et al., 2004). Phosphorylation of a MAP protein induces its
disassociation from microtubules, which causes the microtubules
to enter a dynamic state. In our study, we found that the phos-
phorylation levels of both MAP1B and DCX were reduced (Fig.
10 B,C), and that microtubule structures appeared abnormal in
Mkk7"*f10% Nestin-Cre axons (Fig. 10D). Based on our results
and the literature, we propose that MKK7-JNK signaling controls
the phosphorylation of MAP1B and DCX that regulates micro-
tubule dynamics, and that this phosphorylation may be one of
several mechanisms promoting axon elongation.

Role of MKK7 in apoptosis

It has been previously reported that Jukl/Jnk2 double mutant
mice are embryonic lethal at E11.5 due to severely dysregulated
apoptosis in the brain (Kuan et al., 1999; Sabapathy et al., 1999).
The results of these studies indicated that JNK regulates apoptosis
positively in the forebrain and negatively in the hindbrain during
early brain development. However, when we examined the regu-
lation of apoptosis in our Mkk7**/1°% Nestin-Cre mice, we found
no abnormalities (Fig. 5), in line with previous analyses of
MFkk4"¥R%% Nestin-Cre mice (Wang et al., 2007). One explana-
tion for this discrepancy is that JNK signaling may regulate apo-
ptosis during early brain development but is not involved in such
apoptosis at later stages. Another possibility is that, because
MKK4 remains intact in MKK 7% Nestin-Cre brain, weak INK
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activation could have occurred that was sufficient for normal
regulation of apoptosis in the developing brain. We are currently
generating double conditional knock-out Mkk7™¥%/k41xox
Nestin-Cre mice to resolve this issue.

Role of MKK?7 in neuronal differentiation

When we investigated whether MKK7 was involved in neuronal
differentiation, all markers examined were expressed with essen-
tially normal distributions (Fig. 5). These results indicate that
neuronal differentiation is not affected by MKK7 disruption in
the cortex. We also determined whether MKK?7 was involved in
regulating the activity of c-Jun needed for neurotransmitter spec-
ification in the dorsal spinal cord. A recent study of Xenopus
tropicalis demonstrated that c-Jun regulates neurotransmitter
specification through transcriptional regulation of Tlx3 in the
dorsal spinal cord of this animal (Marek et al., 2010). This group
showed that ¢-Jun activation induces the formation of GABAer-
gic neurons and suppresses glutamatergic differentiation. Be-
cause c-Jun is a major substrate of JNK, we hypothesized that we
might see a reduction of GABAergic neurons and an increase in
glutamatergic neurons in the spinal cords of Mkk7"*/1°* Nestin-
Cremice due to suppression of c-Jun activity caused by the lack of
MKK?7. However, our in situ hybridization analysis of gadI and
vglut2 expression showed no alterations in the dorsal spinal cords
of Mkk7"*/"°* Nestin-Cre mice (data not shown). Thus, neu-
rotransmitter specification is not influenced by MKK7 deletion.
It remains possible that low levels of c-Jun phosphorylation still
occurred in MkkZ""°* Nestin-Cre mice that were sufficient for
normal neurotransmitter specification. Alternatively, GABAer-
gic/glutamatergic differentiation may be regulated by different
mechanisms in Xenopus tropicalis and Mus musculus.

Ultrastructural alterations in Mkk7**/°* Nestin-Cre mice
Electron microscopy revealed abnormal accumulations of inter-
mediate filaments in the axons of Mkk7"*** Nestin-Cre brain
(Fig. 3A), as well as reduced phosphorylation of NF-H (Fig. 10A).
NF-H is a neuron-specific intermediate filament, and it has been
reported that the C-terminal tail of NF-H regulates interactions
among NFs and influences their axonal transport (Sasaki et al.,
2009; Lee et al., 2011). It is therefore possible that JNK-mediated
phosphorylation of NF-H is required for normal NF-H distribu-
tion, and that failure of this regulation due to loss of MKK7
induces the accumulation of filamentous structures within ax-
ons. Our electron microscopy analyses also showed that Mkk770ex
Nestin-Cre brain contained numerous autophagic vacuoles (Fig.
3B). Although it is possible that autophagy is a secondary effect
induced by the abnormal accumulation of intermediate filaments
in our mutants, it has been reported that JNK signaling is directly
involved in the formation of autophagic vacuoles and autophagic
cell death (Byun et al., 2009; Shimizu et al., 2010; Kim et al., 2011;
Xu et al.,, 2011). We are currently studying our Mkk7"fex
Nestin-Cre mice to determine whether MKK7-JNK signaling acts
to suppress autophagy in the developing brain.

Comparison of MKK4 and MKK?7 in the developing brain

MKK7 and MKK4 are both JNK activators, and complete activa-
tion of JNK requires the activities of both of these kinases
(Kishimoto et al., 2003). In our Mkk7"*/°% Nestin-Cre mice,
phosphorylated JNK was markedly reduced despite an upregula-
tion of MKK4 (Fig. 1E). This result is consistent with that of
Wang and colleagues, who showed that MKK4 deletion decreases
JNK activation to 1/5 of control values (Wang et al., 2007). To-
gether, these findings suggest that both MKK7 and MKK4 are
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required for optimal JNK activation in the developing brain. Fur-
thermore, this optimal JNK activation is essential for normal
neuronal radial migration in the cortex, since both Mkk 7/
Nestin-Cre mice (Fig. 6) and Mkk4™**/"** Nestin-Cre mice (Wang
etal., 2007) show defects in this process. However, other pheno-
types do not overlap between MKKZ"M* Nestin-Cre and
Mkk4" % Nestin-Cre mice. Mkk7"*/"** Nestin-Cre mice die at
birth (Table 1, Fig. 1F), whereas Mkk4™°% Nestin-Cre mice
survive until age 3 weeks. Mkk7"*/°% Nestin-Cre mice (E18.5)
display enlarged brain ventricles, diminished striatum, decreased
forebrain axon tracts, and reduced corticofugal axons (Figs. 2,4), but
none of these defects has been observed (or at least has not been
reported) for Mkk4"™#** Nestin-Cre mice. Thus, MKK?7 has unique
functions in the developing brain that differ from those of MKK4.

Differences between MKK7 and MKK4 functions also appear
at the molecular level. In Mkk4"*/1°* Nestin-Cre brain, phos-
phorylation levels of MAP1B are reduced, but DCX phosphory-
lation is not altered (Wang et al., 2007). In contrast, we found that
the phosphorylation levels of both MAPIB and DCX were re-
duced in Mkk7"M°* Nestin-Cre brain (Fig. 10 B, C), suggesting a
difference in substrates affected by MKK7-JNK versus MKK4-
JNK signaling. In line with this hypothesis, the scaffold protein
JIP1 binds to JNK, MKK7, and DCX but not to MKK4 (Whit-
marsh et al., 1998; Wang et al., 2007). We therefore propose that
differences in scaffold proteins and/or substrates involved in
MKK7-JNK versus MKK4-JNK signaling pathways could cause
the phenotypic divergence observed between Mkk7"/°* Nestin-
Cre and Mkk4™°* Nestin-Cre mice.

In conclusion, our results reveal an importantand unique role for
MKK7 during axon elongation in the developing brain, and rein-
force the complex nature of JNK signaling and regulation in vivo.
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Axial spondylometaphyseal dysplasia (SMD) (OMIM 602271) is
an uncommon skeletal dysplasia characterized by metaphyseal
changes of truncal-juxtatruncal bones, including the proximal
femora, and retinal abnormalities. The disorder has not attracted
much attention since initially reported; however, it has been
included in the nosology of genetic skeletal disorders [Warman
et al. (2011); Am J Med Genet Part A 155A:943-968] in part
because of a recent publication of two additional cases [Isidor
etal. (2010); Am J Med Genet Part A 152A:1550—-1554]. We report
here on the clinical and radiological manifestations in seven
affected individuals from five families (three sporadic cases and
two familial cases). Based on our observations and Isidor’s
report, the clinical and radiological hallmarks of axial SMD
can be defined: The main clinical findings are postnatal growth
failure, rhizomelic short stature in early childhood evolving into
short trunk in late childhood, and thoracic hypoplasia that may
cause mild to moderate respiratory problems in the neonatal
period and later susceptibility to airway infection. Impaired
visual acuity comes to medical attention in early life and function
rapidly deteriorates. Retinal changes are diagnosed as retinitis
pigmentosa or pigmentary retinal degeneration on fundoscopic
examination and cone-rod dystrophy on electroretinogram. The
radiological hallmarks include short ribs with flared, cupped
anterior ends, mild spondylar dysplasia, lacy iliac crests, and
metaphyseal irregularities essentially confined to the proximal
femora. Equally affected sibling pairs of opposite gender and
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INTRODUCTION

The term spondylometaphyseal dysplasia (SMD) encompasses a
heterogeneous group of disorders characterized by dysplastic
changes in the metaphyses of tubular bones and metaphyseal
equivalents of the spine and flat bones. Amongst the SMDs, the
most common is SMD Kozlowski type (OMIM 184252), followed
by SMD Sutcliffe (corner fracture) type (OMIM 184255), but there
are also other rare types [Wirth, 2008]. Aside from SMD Kozlowski
type, which is caused by heterozygous mutations in the transient
receptor potential cation channel, subfamily V, member 4 gene
(TRPV4) [Nishimura et al., 2010], the etiologies of the SMDs
remain unknown. It is intriguing that certain types of SMDs present
as a multi-system disorder, as exemplified by SMD with cone-rod
dystrophy (OMIM 608940) [Sousa et al., 2008; Turell et al., 2010].

We previously reported on a new type of SMD, based on the
clinical and radiologic observations in three children (a Japanese
girl and two Korean siblings) [Ehara et al., 1997]. The disorder was
termed “axial SMD”, because the metaphyseal changes were con-
fined to the truncal and juxtatruncal bones. The disorder was seen in
association with ocular abnormalities, including retinitis pigmen-
tosa (RP) and/or optic atrophy. Very recently, two additional cases
have been reported confirming the axial SMD as a distinct entity
[Isidor et al., 2010]. The Nosology Group of the International
Skeletal Dysplasia Society included the disorder in “Nosology and
classification of genetic skeletal disorders: 2010 version”, and the
group termed the entity SMD with retinal degeneration, axial type
(OMIM 602271) [Warman et al., 2011]. With the addition of five
newlyidentified cases (three sporadic patients and two siblings) and
follow-up our previously reported sibling case, we are able to
delineate the key clinical and radiographic features of this condition
and hopefully facilitate the diagnosis of further individuals.

CLINICAL REPORTS
Patient 1

Patient 1 is a Japanese girl born to healthy, nonconsanguineous
parents. Birth length was 47.6 cm (—1.0 SD). At birth, she had mild
respiratory distress and a narrow thorax was noted. A tentative
radiological diagnosis of Shwachman-Diamond syndrome was
made. Ophthalmological screening at age 3 weeks disclosed RP
(Fig. 1A), and no electrical activities were detectable by electro-
retinogram (ERG) at 4 months (Fig. 1B). Length at age 11 months
was 64.3 cm (—3.4 SD).

Patient 2 and 3 (siblings)

Patients 2 and 3 have consanguineous parents (first cousins) of
Saudi Arabian origin who also have four healthy children.
Patient 2, a girl, was born by vaginal delivery at 40 weeks’
gestation after an unremarkable pregnancy. Apgar scores were 9
and 10 at 1 and 5 min, respectively. Birth length was 51 cm, and
weight 3,440 g (both at 50th centile). Atage 4 months, she was noted

to have micromelic short stature (<3rd centile) with rhizomelic
shortening of the upper limbs and a narrow thorax with Harrison’s
grooves. At age 4 7' years, height was 93.5cm (—4.0 SD), and
weight was 13.1kg (—3.0 SD). Ophthalmological examination at
age 1 year showed early signs of RP. She underwent ERG exami-
nations twice atage 3 and 4 years, which showed no response to light
flash stimulation indicative of advanced retinal dysfunction, and
visually evoked response study showed delayed P100. At last
examination, she had low visual acuity and no night vision but
she was able to walk independently. Her visual acuity has deterio-
rated faster than her brother’s.

Patient 3, the older brother of Patient 2, was born by vaginal
delivery at 40 weeks” gestation after an unremarkable pregnancy.
Apgar scores were 9 at 1 and at 5 min. Birth weight was 3,480 g,
length was 51 cm, and OFC was 35 cm (all at 50th centile). He sat at
age 6 months and walked at 10 months. His development was
unremarkable except for visual dysfunction. He was noted to have
RP at age 9 months. Mild hyperopia and astigmatism were found
bilaterally at age 3 years. He had ERG three times at age 2 */'? years,
6 years, and 7 years, all of which showed abnormal response to light
flash stimulation. However, visually evoked response study was not
significantly affected. At age 37" years, he was referred for genetic
consultation because of failure to thrive, short stature, small chest,
and visual problems. He showed micromelic short stature (<3rd
centile) with rhizomelic shortening of the upper limbs and a narrow
thorax with Harrison grooves. At age 7 years, height was 106.5 cm
(=5.5 SD), weight was 18.5kg (—2.5 SD), and OFC was 52.6 cm
(—2.5 SD).

Atlast review, he had low visual acuity and no night vision but he
was able to walk independently and could read with difficulty
during daytime.

Patient 4

Patient 4 is a Korean boy, who was the second child of non-
consanguineous, healthy parents. He came to medical attention
at age 5 years because of short stature; 102.7 cm (—1.6 SD). He had
mild bowlegs and pectus excavatum. At that time, inward gaze of
the eyes and impaired visual acuity were also noted. At age 6 years,
mild RP was diagnosed on fundoscopic examination. Then, visual
acuity progressively worsened. At age 9 years, vision was severely
impaired (V.d.=0.06; V.s.=0.125). On last examination, at
10 years of age, he had proportionate short stature with a height
of 125.8 cm (—2.0 SD). In addition, modest narrow thorax, mild
thoracic scoliosis, and rhizomelic shortening of the upper limbs
were seen (Fig. 2A).

Patient 5

Patient 5 is a Japanese boy born to healthy, nonconsanguineous
parents. He was delivered at 41 weeks’ gestation. Birth length was
48.5cm (—0.9 SD), weight was 3,052 g (—0.2 SD), and OFC was
34.0cm (4-0.1 SD). A narrow thorax was noted at birth. Apgar
scores were 7 at 1 min and 5 at 5 min. He had moderate respiratory
distress with laryngomalacia necessitating oxygen therapy in the
neonatal period. The laryngomalacia improved gradually over the
course of the first year. He was given a radiological diagnosis of
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FIG. 1. Ophthalmological findings. A: in Patient 1, fundoscopy showed RP at age 2 months. B: in Patient 1, ERG did not trace electric activities at
age 4 months. C: in Patient 5, fundoscopic findings were advanced RP with reduced retinal blood flow and optic nerve atrophy at age 12 years.

FIG. 2. Clinical photographs. A: Patient 4 at age 10 years. A mild narrow thorax and rhizomelic shortening of the upper limbs are noted. B: Patient 5 at
age 12 years. Short trunk is striking with a mild narrow thorax. C: Patient 6 at age 15 years, (D) Patient 7 at age 23 years. Mild short trunk is evident,
and the thorax is mildly narrow.
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Jeune asphyxiating thoracic dysplasia in infancy. He had recurrent
episodes of pneumonia until age 5 years. At age 6 years, severe short
stature was recorded (—6.5 SD). Visual problems were suspected at
an early age as he never showed any light response or the ability to
track moving objects. Nystagmus was identified in early infancy. He
was diagnosed as having macular RP at age 2 months. Visual evoked
potential test showed no response. Severe hyperopia with disturbed
visual acuity (V.d.=0.01, V.s.=0.01) was documented at age
5 years. Visual acuity gradually declined. He suffered from bilateral
cataracts of the posterior subcapsular lense at 11 years. At age
12 years, fundoscopic findings showed advanced RP with reduced
retinal blood flow and optic nerve atrophy (Fig. 1C). Clinical
examination at that age demonstrated a height of 107.2cm
(—6.2 SD), arm span of 111.7 cm, and upper segment of 51 cm.
He had a mild narrow thorax, mild scoliosis, rhizomelic shortening
of the limbs, and markedly short trunk (Fig. 2D). Some permanent
teeth had not yet erupted. Pulmonary function tests showed
restrictive impairment with 38% forced vital capacity and
114.5% forced expiratory volume in 1 sec.

Patient 6 & 7 (siblings)

Patients 6 and 7 are Korean siblings, whose manifestations in
childhood were previously reported [Ehara et al., 1997]. They
were born to healthy, nonconsanguineous parents. Birth weight
was normal. Short stature was noted in early childhood, as well as
thoracic hypoplasia with susceptibility to airway infections. Height
was 76 cm (—5.5 SD) at age 3 years in the younger sister, and 108 cm
(—5.1 SD) at age 10 years in the older brother. The younger sister
was diagnosed as having optic atrophy with nystagmus at age 3
years. Impaired visual acuity of the older brother came to attention

at age 6 months, and he was diagnosed as having optic atrophy and
retinal degeneration associated with nystagmus at age 8 years. At the
most recent examination, the sister was 15 years, and the brother
was 23 years old. Their heights were 131 cm (—5.1 SD) and 144 cm
(—4.9 SD), respectively. They presented with a narrow thorax,
short-trunk, and rhizomelic shortening of the upper limbs
(Fig. 2C,D). They were functionally blind at that time.

RADIOLOGICAL FINDINGS

The radiographic findings in all patients were similar but with a
variable degree of severity. The phenotype evolved with age.

Chest

Short ribs with flared, cupped anterior ends were evident in the
neonatal period (Fig. 3A). This finding became prominent in
childhood, most striking in late childhood (Fig. 3B—I), and then
less conspicuous in adolescence and adulthood (Fig. 3],K).

Spine
Spondylar changes were mild in infancy and early childhood
(Fig. 4A-D). Platyspondyly became more apparent in late child-

hood (Fig. 4E—H). Vertebral height increased in adolescence and
normalized in adulthood (Fig. 41,]).

Pelvis

Lacy ilia were discernible in the neonatal period and became overt in
childhood. Metaphyseal irregularities of the proximal femora
became manifest in infancy and then progressed. Coxa vara devel-

FIG. 3. Radiographs of the chest. A: Patient 1 at age 2 days, (B) Patient 2 at age 1*** years, (C) Patient 5 at age 2 years, (D) Patient 3 at age 4 years,
(E) Patient 4 at age 5 years, (F) and (G) Patient 6 at age 8 years. Note a narrow thoraxin (A), (C—E), and short ribs with cupped, flared anterior ends in
all. Thoracic narrowing is modest in (B) and (F). Mild irregularities of the proximal humeral metaphyses are seen in (A,B) and (C). H: Patient 4 at age
10 years, (1) Patient 5 at age 12 years. Cupping and flaring of the anterior ends of the ribs are most conspicuous in late childhood. Thoracic narrowing
is modest. J: Patient 6 at age 15 years, (K] Patient 7 at 23 age years. Anarrow thorax s persistent, but cupping and flaring of the anterior ends of the

ribs are less conspicuous than those at younger ages.
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FIG. 4. Radiographs of spine. A: Patient 1 at age 6 months. The
vertebral bodies are somewhat ovoid, but platyspondyly is not
evident. B: Patient 2 at age 1 */*? years, (C) Patient 3 at age 4
years, (D] Patient 4 at age 5 years. Mild platyspondyly is evident.
E: Patient 6 at 8 age years, (F) Patient 7 at age 10 years, (G)
Patient 4 at age 10 years, (H) Patient 5 at age 12 years.
Platyspondyly is most conspicuous in late childhood. I: Patient 6 at
age 15 years, (J) Patient 7 at age 23 years. Platyspondyly is
discernible but milder than that in childhood.

oped in late childhood (Fig. 5A-I). The iliac and metaphyseal
changes diminished during adolescence, leaving only coxa vara
(Fig. 51,K).

Limbs

The proximal humeri showed mild metaphyseal irregularities
(Fig. 3 A—C). Metaphyseal changes were absent or very mild in
the knee (Fig. 6A—G).

Hands

Hands were unremarkable in all patients (data not shown).

DISCUSSION

Based on our experiences and the observations reported by Isidor
etal. [2010], it is clear that axial SMD is a distinctive disease entity
with recognizable clinical and radiographic features. “A new form
of oculoskeletal syndrome” reported by Megarbane et al. [2004]
may represent the same disorder. The clinical manifestations of the
present and previously reported patients are summarized in Table L.
The clinical hallmarks include postnatal growth deficiency, thoracic

hypoplasia, and retinal abnormalities. Equally affected siblings of
opposite gender and the presence of consanguinity in some parents
are strongly suggestive of an autosomal recessive pattern of
inheritance.

Although birth length is in the normal range, short stature with
rhizomelic limb shortening becomes apparent during childhood.
Short stature is mild to moderate during childhood; however,
growth failure is progressive, and final height may be less than
—5 SD. Progressive shortening of the trunk over time results in the
ultimately short-trunk body proportion. Thoracic hypoplasia with
mild to moderate respiratory distress in the neonatal period is
apparent in some cases, while it may be asymptomaticin others. The
narrow thorax occasionally gives rise to Harrison grooves and
susceptibility to airway infection in infancy and early childhood.
Laryngotracheomalacia may contribute to the respiratory
problems.

RP or pigmentary retinal degeneration is detectable during
childhood and retinal changes may even be observed in the neonatal
period. Electroretinography reveals cone-rod dystrophy [Isidor
et al., 2010]. Secondary optic atrophy may ensue, and one child
(Patient 5) presented cataracts that might be secondary to RP
[Jackson et al., 2001]. The prognosis for vision is unfavorable.

As discussed by Isidor et al. [2010], the differential diagnosis
includes Shwachman-Bodian-Diamond syndrome (OMIM
260400), Jeune asphyxiating thoracic dysplasia (OMIM 208500),
Saldino-Mainzer syndrome (OMIM 266920), Dyggve-Melchior-
Clausen (DMC) dysplasia (OMIM 223800), and SMD with cone-
rod dystrophy (OMIM 608940). Shwachman-Diamond syndrome
causes thoracic hypoplasia and metaphyseal dysplasia most
conspicuously in the proximal femora. However, Shwachman-
Bodian-Diamond syndrome, unlike axial SMD, is associated
with neutropenia and pancreatic exocrine dysfunction but not
retinal and spondylar changes. Both Jeune asphyxiating thoracic
dysplasia and Saldino-Mainzer syndrome manifest thoracic hypo-
plasia and retinopathy. Nevertheless, progressive nephropathy and
brachydactyly are seen in these disorders and are conspicuously
absent in axial SMD. Lacy ilia and spondylar dysplasia in axial SMD
may raise a suspicion of DMC. However, DMC shows more severe
platyspondyly and epimetaphyseal dysplasia but not retinal
changes. SMD with cone-rod dystrophy is a recently identified
skeletal dysplasia associated with retinal cone-rod dystrophy. The
clinical and radiological pattern in SMD with cone rod dystrophy is
similar to that of axial SMD. However, there are clinical and
radiological differences between both disorders. Visual impairment
is milder in SMD with cone rod dystrophy. Affected individuals do
not show complete loss of visual acuity. On the other hand, the
skeletal changes of SMD with cone rod dystrophy are much more
severe than those in axial SMD. Generalized metaphyseal dysplasia
and more severe platyspondyly in SMD with cone rod dystrophy
contrast with metaphyseal dysplasia confined to the juxtatruncal
bones and mild platyspondyly in axial SMD.

In the neonatal period, axial SMD should be differentiated from
SMD Sedaghatian type (OMIM 250220), a perinatally lethal osteo-
chondrodysplasia comprising minor facial, cardiac and cerebral
anomalies [Elgioglu and Hall, 1998]. Unlike axial SMD, SMD
Sedaghatian type manifests overt metaphyseal dysplasia and lacy
ilia in the neonatal period.
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FIG. 5. Radiographs of pelvis. A: Patient 1 at 2 days. The ilia are somewhat hypoplastic but lacy ilia are not evident. B: Patient 1 at age 6 months.
The iliac crests are somewhatirregular. C: Patient 2 at age 1 Has years. The iliac crests and proximal femoral metaphyses are irregular. D: Patient 3 at
age 4 years, (E) Patient 4 at age 5 years. Lacy ilia and metaphyseal irregularities of the proximal femora are apparent. F: Patient 6 at age 8 years,

(G) Patient ? at age 10 years, (H) Patient 4 at age 10 years, (1] Patient 5 at age 12 years. Proximal femoral metaphyseal irregularities with coxa vara
are conspicuous in all patients. Lacy ilia are varied among the patients. J: Patient 6 at age 15 years, (K] Patient 7 at age 23 years. Lacy ilia and
metaphyseal irregularities already diminish, but coxa vara is persistent.

FIG. 6. Radiographs of lower limbs. A: Patient 1 at age 6 months, (B) Patient 2 at age 1 */*? years, (C) Patient 3 at age 4 years, (D) Patient 6 at
age 8 years, (E) Patient ? at age 10 years, (F) Patient 4 at 10 years, (G) Patient 5 at 12 years. Metaphyseal changes are absent or very mild in the
knee but the knee epiphyses are slightly flattened, notably in (B) and (C).
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The molecular basis of axial SMD remains elusive; however,
homozygosity mapping and whole genome sequencing techniques
should elucidate the disease-causing gene in the near future. Further
case reports, sample registration, and investigations will be invalu-
able in order to thoroughly understand this entity.
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Abstract

Background Two patients presented large-angle esotropia
due to unilatelal Duane syndrome type 1.

Cases We report the course of a simple muscle transpo-
sition procedure (the Nishida procedure) with medial rectus
muscle recession for large-angle esotropia in two cases of
unilateral Duane syndrome type 1.

Observations Case 1: A S-year-old boy had Duane syn-
drome type 1 OS. He had esotropia of 40 prism diopters,
and the left eye could not abduct to the midline. Postop-
eratively, his esotropia decreased to 6 prism diopters and
the abduction improved to 45°. Case 2: A 5-year-old girl
had Duane syndrome type I OS with a marked facial turn.
She had esotropia of 40 prism diopters in primary position,
and the left eye could not abduct to midline. Postopera-
tively, the facial turn resolved, the esotropia decreased to 8
prism diopters, and the abduction improved to 30°.
Conclusion This procedure improves large-angle esotro-
pia and abduction deficits in unilateral Duane syndrome

type 1.
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Introduction

Duane syndrome type 1 is a common congenital ocular
motility disorder, characterized by either orthophoria or
esotropia with marked limitation of abduction, mild limi-
tation of adduction with retraction, and pseudoptosis. Var-
ious surgical procedures have been advocated to improve
the esotropia, facial turn, and abduction deficits. The two
major approaches are medial rectus muscle recession and
vertical rectus muscle transposition; however, neither pro-
cedure can correct the large-angle esotropia in unilateral
Duane syndrome type I without complications.

We used a new simple muscle transposition procedure
(the Nishida procedure) with medial rectus recession for
large-angle esotropia in two cases of unilateral Duane
syndrome type I. This procedure includes vertical rec-
tus muscle transposition without tenotomy or muscle
splitting [1].

Case report
Case 1

A 5-year-old boy had Duane syndrome type I OS. He had
left esotropia of 40 prism diopters (PD) in primary position
and mild amblyopia OS. Ductions of the affected eye were
evaluated using a six-point scale [2, 3], in which 0 indicates
full movement, —1 restriction to 45° of abduction, —2
limited movement to 30°, —3 limited movement to 15°, —4
inability to move the eye past the midline, and —5 inability
to rotate the eye to midline. The left eye could not abduct
to the midline (—5) (Fig. 1a, b). He did not have any other
ocular or systemic abnormalities. Magnetic resonance
imaging (MRI) did not show brain or extraocular muscle
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Fig. 1 Case 1. a Preoperative
head position and left esotropia
of 40 prism diopters. b A nine-
gaze photograph shows a
significant abduction deficit
(—5) OS and narrowing of the
left palpebral fissure on right
gaze preoperatively. ¢ Nishida’s
procedure combined with
medial rectus recession. The 6-0
polypropylene sutures are
passed through each vertical
rectus at a distance of 8§ mm
behind their insertions and
passed through each sclera at a
distance of 10 mm behind the
limbus. SR superior rectus, IR
inferior rectus, LR lateral rectus,
MR medial rectus. d The
superior rectus muscle (SR) is
transposed without tenotomy or
muscle splitting, and anchored
onto the superotemporal sclera.
e A normal head position and
mild esotropia of 6 prism
diopters postoperatively. f A
nine-gaze photograph shows
marked improvement of the left
abduction to —1 and a —1 point
adduction deficit
postoperatively

abnormalities. The visual acuity (VA) OS improved to
20/20 with amblyopia treatment; however, because of the
residual large-angle esotropia of 40 PD, the patient often
compensated with left facial turn and right head tilt for
fusion. He demonstrated sensory fusion with major
amblyoscope, but stereopsis was not detected with the
Titmus stereo test.

He underwent the Nishida procedure with 4-mm of
medial rectus recession OS. Because the left medial rectus
muscle was tight with positive forced duction, tenotomy of
the medial rectus muscle was performed initially, following
that the vertical recti were explored, and 6-0 polypropylene
sutures were passed through the temporal margins and tied
8 mm behind their insertion points. An identical suture was
passed through the sclera 10 mm behind the superotem-
poral and inferotemporal limbus, and each vertical rectus
muscle was transposed either superotemporally or infero-
temporally and anchored on the sclera (Fig. Ic, d). Finally,
the medial rectus muscle was anchored 4 mm behind its
insertion point.

Postoperatively, the esotropia decreased to 6 PD, and
the abnormal head posture resolved throughout the

l-year follow-up period. The binocular function
remained unchanged. Abduction significantly improved
from —5 to —1. A —1 point adduction deficit developed
in the left eye, but no vertical deviation developed
(Fig. le, f).

Case 2

A 5-year-old girl had Duane syndrome type I OS with
marked left facial turn. She had left esotropia of 40 prism
diopters in primary position and mild amblyopia OS. The
left eye could not abduct to midline (—5). She did not have
any other abnormalities. MRI did not show brain or
extraocular muscle abnormalities. The VA OS improved to
20/25 with amblyopia treatment; however, there was
residual large-angle esotropia of 40 PD and left facial turn
to achieve fusion (Fig. 2a, b). She demonstrated sensory
fusion with major amblyoscope, but stereopsis was not

@ Springer



266

M. Tanaka et al.

Fig. 2 Case 2. a Substantial
preoperative left facial turn. b A
nine-gaze photograph shows left
esotropia of 40 prism diopters,
a substantial abduction deficit
(—5) OS and narrowing of the
left palpebral fissure on right
gaze preoperatively. ¢ A normal
head position and slight
esotropia of 8 prism diopters
postoperatively. d A nine-gaze
photograph shows improvement
of the left abduction to —2 and a
—1 adduction deficit
postoperatively

detected with the Titmus stereo test. The same procedure as
described in case 1 was performed on her left eye.

Postoperatively, the esotropia decreased to 8 PD and
the abnormal head position resolved. The abduction
improved from —5 to —2. A —1 point adduction deficit
developed in her left eye, but vertical deviation did not
develop (Fig. 2c, d).

Discussion

Surgical procedures such as medial rectus muscle recession
and vertical rectus muscle transposition have proved
inadequate to correct large-angle esotropia in patients with
unilateral Duane syndrome type I [2-8]. Medial rectus
recession is the standard procedure to correct an average of
20-25 prism diopters of esotropia, straighten the ocular
position, and resolve the aberrant head position; however,
it cannot improve abducens excursion. Four to 6% of
patients develop exotropia postoperatively [2, 4], and
excessive recession exceeding 6 mm may cause a severe
adduction deficit [5]. Medial rectus recession was neces-
sary in the present cases to treat the tight medial rectus
muscles, but excessive recession for large-angle esotropia
should be avoided. Vertical rectus muscle transposition can
correct a maximum of 30 prism diopters of esotropia and
improve abducens excursion [3, 6-8]; however, the surgi-
cal effect seems unpredictable, and 8.5% of patients may
develop a vertical deviation postoperatively [9]. The pro-
cedure also has the risk of anterior segment ischemia in
patients with systemic complications.

In the current cases, using the Nishida procedure,
including vertical rectus muscle transposition without
tenotomy or muscle splitting, we simultaneously performed

@ Springer

vertical rectus muscle transposition and medial rectus
recession, and successfully corrected large-angle esotropia
exceeding 30 prism diopters and a severe abduction deficit.
No vertical deviation developed, and a minimal adduction
deficit was present as a result of the procedure. Cases need
to be observed to confirm the long-term stability of align-
ment, and further study of this procedure will be needed to
clarify the risk of overcorrection and vertical deviation
induced. A simple medial rectus recession is generally
recommended as an effective procedure with minimal
complications for small-angle esotropia in most patients
with Duane syndrome type I, and this procedure may be
necessary for a few severe cases. Although the number
of cases here was small, this new procedure may effectively
and safely improve large-angle esotropia and abduction
deficits in patients with unilateral Duane syndrome type 1.
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Fluorescein Staining of the Vitreous During
Vitrectomy for Retinopathy of Prematurity

V itreous staining using triamcinolone acetonide' or
fluorescein® generally has been used even in
children® to visualize the preretinal membrane and
vitreous during vitrectomy.

During the surgery for retinopathy of prematurity
(ROP), careful segmentation and extensive vitreous
cutting are required around the base of tractional
retinal detachments, vitreous base, and fibrovascular
tissue.* Removal of the formed vitreous around the
fibrovascular tissue and the vitreous base is a key
factor for a successful surgery.* To remove the vitreous
safely, good intraoperative visualization of the vitreous
is essential.

In the current study, we included cases of aggressive
posterior ROP in which wide-field vitrectomies are
necessary to evaluate the staining of the entire vitreous.
We describe a technique for staining the vitreous with
fluorescein and compared it with staining using
triamcinolone in these patients with ROP.

Patients and Methods

This study included 45 consecutive eyes with Stage
4A aggressive posterior ROP, which required vitrecto-
mies with lensectomies to be performed in 30 babies
(mean age, 24 weeks; range, 22-30 weeks); no infant
had undergone a previous surgery. The same surgeon
(NLA.) performed all the surgeries in our hospital
between June 2005 and May 2008. All aspects of this
study were approved by the institutional ethics
committee, and the parents of the patients provided
informed consent before the infants were enrolled in the
study. The mean follow-up duration in the triamcino-
lone group was 32 months (range, 15-38 months), and
in the fluorescein group, the mean follow-up duration
was 28 months (range, 12-32 months).
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The demographics of the study group are shown in
Table 1. There was no difference in the severity of
ROP between the two groups. All patients underwent
a 3-port 25-gauge vitrectomy using a small contact
lens designed for premature eyes. The other instru-
ments, including infusion pipes, cannulas, and light
pipes, were used as in the conventional 25-gauge
system. We previously described the procedures of
early vitreous surgery for ROP.*? In 27 eyes of 18
patients, sodium intravenous fluorescein (0.1 mL/kg)
was injected preoperatively for fluorescein angiogra-
phy and to visualize the vitreous gel intraoperatively.
The intervals between fluorescein angiography and
vitrectomy ranged from 10 minutes to 20 minutes.
When both eyes required surgery, the mean time to
surgery in the other eye was approximately 50 minutes.
In the other study group, 0.2 mL of triamcinolone was
injected repeatedly into the vitreous cavity in 18 eyes of
12 patients to visualize the residual vitreous after
lensectomy and core vitrectomy. The authors evaluated
the staining pattern of the vitreous, the postoperative
results, and any complications. Analyses were perfor-
med, and categorical differences were compared using
Fisher’s test. All P values were 2-sided, and P < 0.05
was considered statistically significant. Analyses were
conducted using GraphPad Prism35.0 statistical software
(GraphPad Prism Software Institute, La Jolla, CA).

Results

Injections of triamcinolone were required three to five
times during the surgery because we could not achieve
full visualization of the distance between the residual
vitreous and the retinal surface; triamcinolone was only
on the cut surface of the vitreous, and the vitreous gel
beneath remained transparent. In contrast, fluorescein
dye produced homogenous and full-thickness staining
(Figure 1), especially around the fibrovascular tissue and
the vitreous base (Figure 2), which was sufficiently
stained green but remained transparent.

When fluorescein was used, an iatrogenic break
occurred in 1 eye (3.7%) as a result of an unstable
25-gauge infusion cannula. The break was repaired by



