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CNS Myelin Paranodes Require Nkx6-2 Homeoprotein
Transcriptional Activity for Normal Structure
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Homeodomain proteins play critical roles during development in cell fate determination and proliferation, but few studies have defined
gene regulatory networks for this class of transcription factors in differentiated cells. Using a lacZ-knock-in strategy to ablate Nkx6-2, we
find that the Nkx6-2 promoter is active embryonically in neuroblasts and postnatally in oligodendrocytes. In addition to neurological
deficits, we find widespread ultrastructural abnormalities in CNS white matter and aberrant expression of three genes encoding a
paranodal microtubule destabilizing protein, stathmin 1, and the paranodal cell adhesion molecules neurofascin and contactin. The
involvement of these downstream proteins in cytoskeletal function and cell adhesion reveals mechanisms whereby Nkx6-2 directly or
indirectly regulates axon- glial interactions at myelin paranodes. Nkx6-2 does not appear to be the central regulator of axoglial junction
assembly; nonetheless, our data constitute the first evidence of such a regulatory network and provide novel insights into the mechanism

and effector molecules that are involved.
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Introduction

For more than a century, motor and sensory functions in the CNS
have been known to depend on intimate relationships between
neurons and oligodendroglia (Ramon y Cajal, 1899). From an
electrophysiological standpoint, the most important aspect of
this interaction is the assembly and maintenance of heterotypic,
adhesive junctions between axons and myelin sheaths (Koles and
Rasminsky, 1972). These axoglial junctions, composed of neuro-
nal and oligodendroglial components, serve several essential
functions: they flank and define nodes of Ranvier, they impede
the movement of interstitial ions and other molecules into the
periaxonal space, and they compartmentalize the axolemma into
at least three distinct subdomains: nodes of Ranvier, paranodes,
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and juxtaparanodes (for review, see Arroyo et al., 2001; Bhat,
2003; Salzer, 2003).

Until recently, the composition of axoglial junctions has been
essentially unknown. Mutations in model organisms (for review,
see Girault and Peles, 2002; Bhat, 2003; Salzer, 2003) have dem-
onstrated structural components of axoglial junctions, including
the cell adhesion molecules caspr and contactin expressed by
neurons, the cell adhesion molecule neurofascin 155 (NF155; the
155 kDa isoform), and possibly glycolipids, expressed by oligo-
dendrocytes. Contactin is also expressed by oligodendrocytes,
and neurofascin (NF186) is also expressed by neurons. In con-
trast, transcriptional regulation of axoglial junction components
is completely unknown. Several transacting protein families are
expressed by oligodendrocytes, including Yin Yang 1 (YY1), Olig,
Sox, and Nkx homeodomain proteins (Awatramani et al., 1997;
Berndtetal., 2001; Lu et al., 2002; Stolt et al., 2004). The downstream
targets of these transcription factors are almost completely unknown
in oligodendrocytes, and any one or a combination could conceiv-
ably regulate the synthesis of axoglial junction components.

Herein, we perform a detailed analysis of postnatal functions
of Nkx6-2 in oligodendrocytes, focusing on myelinogenesis, axo-
glial junctions, and myelin stability in adults. Previous studies in
embryos show that Nkx6-2 serves as a transcriptional co-
repressor in ventral neural tube patterning and cell fate specifica-
tion to regulate Dbx and Olig2 expression (Vallstedt et al., 2001).
Postnatally, Nkx6-2 is expressed by differentiating and remyeli-
nating oligodendrocytes (Awatramani et al., 1997; Sim et al,,
2000); however, targeted deletion of this protein yields mice
without a gross CNS phenotype (Cai et al., 2001). Nonetheless,
we find in the current study that Nkx6-2 null mice exhibit phys-
iological deficiencies in motor coordination and CNS nerve con-
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duction. Furthermore, we find morphologically abnormal CNS
paranodes, vermicular-like processes in adults, and ectopic axo-
glial junctions in juxtaparanodal myelin. At the level of function,
we demonstrate that Nkx6-2 is genetically upstream of cell adhe-
sion and cytoskeleton remodeling at paranodes; oligodendrocyte
expression of NF155 and contactin is increased in adult Nkx6-2
null mice, and expression of a microtubule destabilizing protein,
stathmin 1, is decreased. Importantly, overexpression of NF155
and contactin may cause inappropriate axoglial junction forma-
tion, whereas reduced stathmin 1, a protein that regulates process
outgrowth and stability in oligodendrocytes (Liu et al., 2003),
may lead to stable vermicular-like processes and abnormal para-
node morphology and function. Finally, we find that paranodal
widths and lengths are unstable in mutants between 1 and 8
months of age, reflecting ongoing defects at CNS myelin
paranodes.

Materials and Methods

Gene targeting construct. The Nkx6-2 gene was cloned from a 129 Sv/Ev
genomic library and a 5.8 kb Bam—BglII fragment (supplemental Fig. 1 A,
available at www.jneurosci.org as supplemental material) used as a ho-
mologous flanking sequence for the targeting construct. A 0.3 kb frag-
ment of this sequence containing the open reading frame in exons 1 and
2 was replaced with a lacZ-PGKneo cassette to generate the mutant allele
for transfection into R1 embryonic stem cells. The floxed (arrowheads)
PGKneo gene was subsequently removed by injecting circular CMVcre
plasmid into male pronuclei of 0.5 d embryos (O’Gorman et al., 1991;
Gow et al., 1999). Mutant and wild-type alleles were distinguished by
Southern blotting.

Genetic background. Chimeras derived from the homologous recom-
binant R1 cells were mated with C57BL6/Tac female mice to generate
mice that were heterozygous for the targeted Nkx6-2 allele. The mouse
colony was expanded and maintained by sibling matings between het-
erozygous mice, and experiments used mice from multiple litters con-
taining wild-type and null mutant animals.

Southern and Northern blotting. Tail tips and tissues from mice were
frozen on dry ice and stored at —80°C. DNA was prepared from protein-
ase K-digested tail tips, and RNA was purified from tissues over CsCl
gradients (Stecca et al., 2000). Mice were genotyped by Southern blot-
ting, and expression was examined by Northern blotting, using a full-
length mouse Nkx6-2 cDNA. Expression of mRNAs encoding neurofas-
cin was detected using rat cDNA probes to alternatively spliced exons
(Tait et al., 2000). Nf155 was detected with a 515 bp probe encoding the
third fibronectin type III repeat domain (primer pair: 5'—GAA ACC
CGA GAG ACT TGG AAC-3" and 5'-TGT CGG ACT CTG AAA CGC
CTG-3'), and Nf186 was detected with a 525 bp probe encoding the
mucin domain (primer pair: 5'-CCC AAC ACC TCC AAA TGA AG-3’
and 5'-GTG ATG ACG GTA CTG CTG ATG-3"). Before reprobing,
Northern blots were stripped for 30 min at 70°C in 0.1X SSPE/0.05%
SDS and exposed to film for 24 hr to ensure the absence of residual
radiolabeled probe.

Histochemistry, —immunocytochemistry, and electron microscopy.
Whole-mount 5-bromo-4-chloro-3-indolyl- B-p-galactopyranoside (X-
gal) staining and immunocytochemical labeling of fixed tissue have been
described previously (Gow et al., 1998, 1999). Primary antibodies were
from the following: Dr. J. Ericson (Karolinska Institute, Stockholm, Swe-
den) (Gp a Nkx6-2, 1:3000); Dr. M. Bhat (Bhat et al., 2001) (University
of North Carolina, Chapel Hill, NC) (Gp « caspr, 1:500); Dr. J. Salzer
(Rios et al., 2000) (New York University) (Rb « contactin, 1:500, after 10
min acetone and overnight block); Dr. S. Tait (Tait et al., 2000) (Univer-
sity of Edinburgh, UK) (Rb « neurofascin, 1:400, after 1 min Bouin’s
fixation); Dr. M. Rasband (Rasband et al., 1999), University of Connect-
icut (Ms @Na,1.2, 1:250 and Rb @ Na, 1.6, 1:400); Alomone Labs, Jerusa-
lem, Israel (Rb a K, 1.1 and 1.2, 1:60); Calbiochem (La Jolla, CA) (Rb «
stathmin 1, 1:3000 for ICC and 1:100,000 for Western blots); and Dr. J. A.
Girault (Denisenko-Nehrbass et al., 2003) (Institut National de la Santé
et de la Recherche Médicale U114, College de France, Paris, France) (Rb
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a protein 4.1, 1:1000). Secondary antibodies were from Jackson Immu-
noResearch (West Grove, PA), Molecular Probes (Eugene, OR), and
Southern Biotechnology (Birmingham, AL). Cryostat sections (10 um)
were permeabilized with 0.1% Triton X-100 and labeled with primary
antibodies overnight (Gow et al., 1999). For electron microscopy, mice
were perfused intracardially with 4% glutaraldehyde/0.1 M cacodylate
buffer, pH 7.2, for 60 min at room temperature and dissected after 3 hr.
Optic nerve, cerebellum, and cervical spinal cord were postfixed in os-
mium tetroxide/ferricyanide and embedded in Epon (Stecca et al., 2000).
Whole-mount images were obtained using a Nikon SMZ1500 micro-
scope equipped with a Sony camera. Fluorescence images were obtained
using a Leica DMRA2 microscope equipped with a Hamamatsu Orca ER
camera and OpenLab software. Electron micrographs were obtained
using a Hitachi H7000 TEM.

Rotarod and auditory brainstem response measurements. For rotarod
analyses, mice were trained and tested using a 2 d protocol (Gow et al.,
1999). At least five mice from each genotype were analyzed at each time
point. Auditory brainstem responses (ABRs) were evoked in the left and
right ears of avertin-anesthetized mice (0.375 mg/gm) with 2048 pure
tone stimuli at 8, 16, and 32 kHz between 80 and 50 dB sound pressure
level (SPL) at a rate of 29.1/sec and analyzed using Intelligent Hearing
Systems equipment (Miami, FL) with minor modifications (Gow et al.,
2004) from published methods (Zheng et al., 1999). Peak V latencies
were normalized by subtracting peak I latencies (i.e., peak V. — I) to
correct for age- and stimulation frequency-dependent changes that oth-
erwise increase variability in the EEG data. For each animal, these data are
averages of 80, 70, 60, and 50 dB SPL latencies at 32, 16, and 8 kHz from
both cochleas (i.e., 24 latency estimates per mouse).

Analysis of paranodal width and length. Longitudinal cryostat sections
(10 wm) of optic nerve were labeled with anti-caspr antibodies (Bhat et
al,, 2001) and visualized using a secondary antibody directly conjugated
to fluorescein (Invitrogen-Molecular Probes, Carlsbad, CA). Five sec-
tions per animal were photographed using a 63 X Plan-Apo lens (numer-
ical aperture = 1.4) on a Leica DMRA2 microscope. Paranode widths
and lengths were measured from these images after calibration, using
the OpenLab advanced measurements software module (Improvision,
Lexington, MA).

Results

To define the function of Nkx6-2 and track its developmental
expression in mice, we replaced the coding region for this protein
with lacZ by homologous recombination (supplemental Fig. 1 A,
available at www.jneurosci.org as supplemental material). South-
ern blots from embryonic stem cells (supplemental Fig. 1 B, avail-
able at www.jneurosci.org as supplemental material) identify two
clones, 254 and 377, suitable for blastocyst injections. Clone 321
failed to proliferate well in culture. Northern blots of adult brain
(from line 254) reveal two mRNAs for Nkx6-2 in wild-type
(+/+) and heterozygous (+/—) mice at 1.6 kb (major) and 2 kb
(minor) using an exon 3 probe that likely reflect utilization of
polyadenylation signals in exons 3 or 4, respectively (supplemen-
tal Fig. 1 A, available at www.jneurosci.org as supplemental ma-
terial). Neither one of these mRNAs is detected in null (—/—)
mice (supplemental Fig. 1C, available at www.jneurosci.org as
supplemental material); however, two hybridization signals are
observed near 5 kb that also hybridize to a lacZ probe (data not
shown) and likely encode 3-galactosidase derived from the mu-
tant Nkx6-2 allele. Null mutants from embryonic stem cell clone
377 are indistinguishable from clone 254-derived animals.

Nkx6-2 is expressed in cranial nerves and motoneurons in
embryos and oligodendrocytes postnatally

Previous studies have revealed Nkx6-2 expression in ventral re-
gions of neural tube from mouse and chick embryos (Cai et al.,
1999, 2001; Vallstedt et al., 2001). In this study, whole-mount
X-gal staining revealed the extent of Nkx6-2 expression in the
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Figure 1.  Nkx6-2is expressed prenatally in neurons and postnatally in oligodendrocytes. a,
Whole-mount X-gal staining in E12.5 null embryos. Cranial nerves V, VII, and X, cervical mo-
toneurons, thalamus, pylorus, duodenum, and pancreatic primordium are stained. b, In situ
hybridization for Nkx6-2 in neural tube of wild-type E12.5 embryo. The asterisk indicates VO/V1
precursors; arrowheads indicate motoneurons. ¢, X-gal staining in neural tube of E12.5 null
embryo. d, Whole-mount X-gal staining of E12.5 wild-type embryo. e, Colocalization of X-gal
and Islet 1 staining (arrows) in E12.5 null embryo. £, X-gal staining of P28 brains (left) and
cervical spinal cords (right) from wild-type (+/+) and null (—/—) mice. Arrowheads indicate
PNS nerve roots that are unstained. g, Striatum from a null mutant showing an X-gal-labeled
oligodendrocyte (arrowhead) extending two processes into an axon fascicle. Scale bars: (in ) b,
¢, 100 wm; e, 43 m; g, 40 m.

neural tube of embryonic day 12.5 (E12.5) null embryos and, in
particular, in cranial nerves and motoneurons extending axons
into the periphery. Cranial nerves V, VII, and X are
B-galactosidase * (Fig. 1a), and cranial nerves III, IX, and XI are
stained between E10.5 and 11.5 (data not shown). Transverse
sections of neural tube from Nkx6-2 null embryos show
B-galactosidase staining (Fig. 1¢) in a pattern similar to Nkx6-2 in
situ hybridization in controls (Fig. 1b). VO/V1 interneuron pre-
cursors (asterisk) and motoneurons (black arrowheads) are la-
beled. Control embryos are 3-galactosidase ~ (Fig. 1d).
B-Galactosidase * cells in Nkx6-2 null embryos are not labeled
by early oligodendrocyte lineage markers such as olig2 (data not
shown); however, colocalization of X-gal staining with Islet 1
(Fig. le, arrows), Enl, and Dbx2 (data not shown) indicates that
Nkx6-2-expressing cells are fated to motoneurons and VO and V1
interneurons, similar to Nkx6-2 " cells in controls. Recent studies
by others suggest that there may be subtle changes in fate speci-
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fication of V1 and VO interneurons in Nkx6-2 null embryos (Vall-
stedt et al., 2001), but the postnatal consequences are currently
unclear. Null mutants also strongly express 3-galactosidase in the
pyloric region of the stomach, primordia of the pancreas, and gall
bladder between E9.5 and 14.5; however, we detect no gross ab-
normalities in these animals stemming from the absence of
Nkx6-2 in the gut, perhaps because of redundant expression of
other Nkx family members (Sander et al., 2000).

Whole-mount X-gal histochemistry of postnatal day 28 (P28)
brain and spinal cord from null mutants (Fig. 1f, —/—) reveals
strong 3-galactosidase expression in all major CNS white matter
tracts as shown previously for endogenous Nkx6-2 expression
(Komuro et al., 1993; Awatramani et al., 1997). Figure 1¢ shows
B-galactosidase-positive cells exhibiting the canonical morphol-
ogy of myelinating oligodendrocytes (Gow et al., 1992) in and
around striatal axons (white arrowhead), which demonstrates
that the presence of the lacZ sequence does not appreciably alter
cell-type specificity. On the other hand, B-galactosidase activity
in wild-type CNS tissue is negligible (Fig. 1f, +/+).

Nkx6-2 is expressed long term by oligodendrocytes in vivo

To determine the expression profile of Nkx6-2 with age in wild-
type mice, we performed a Northern blotting analysis with spinal
cord RNA from P16 to 13 months (Fig. 2A). Full-length Nkx6-2
c¢DNA probe hybridization to the 1.6 kb major band (identical to
supplemental Fig. 1C, available at www.jneurosci.org as supple-
mental material) is shown, and expression is maximal around
P29. The probe does not label null mutant samples. Immunoflu-
orescence labeling of brain sections from wild-type P33 mice
(Fig. 2 Ba) show that myelin basic protein (MBP) * myelinating
oligodendrocytes (green) express Nkx6-2 (arrowheads, red), and
that this transcription factor is localized to the nucleus (inset).
Furthermore, oligodendrocytes continue to express Nkx6-2 at
4 months of age (Fig. 2 Bc). As expected, sections from the null
mutants are not stained with anti-Nkx6-2 antibodies (Fig.
2 Bb, P33).

Morphometry in brains from P33 wild-type mice (n = 3 ani-
mals; >200 oligodendrocytes per animal) indicates that 92% of
MBP * oligodendrocytes throughout brain are also Nkx6-2 * and
localize this protein to the nucleus (Fig. 2C). This proportion of
double-positive cells is undiminished at 4 months of age. In con-
trast, we do not find any MBP "—Nkx6-2 * cells in the null mu-
tants, although the number of oligodendrocytes in these mutants
is comparable with controls. Thus, from these data we conclude
that most of the Nkx6-2 * cells are myelinating oligodendrocytes
that express this protein from an early age and maintain expres-
sion into adulthood. Importantly, we observe no changes in ex-
pression of other neural cell-specific Nkx family genes such as
Nkx2-2 and Nkx6-2 (data not shown) that could potentially ef-
fect compensation in our mutants (Qi et al., 2001; Pattyn et al.,
2003).

Nkx6-2 null mice exhibit motor coordination and CNS-
evoked potential defects

Nkx6-2 null mice reproduce normally and in the cage are indis-
tinguishable from littermate controls as reported previously (Cai
et al., 2001). Nevertheless, persistent behavioral defects are re-
vealed in a rotarod analysis (Fig. 3A). Although the performance
of null mice in this test is similar to wild-type (+/+) and het-
erozygous (+/—) littermates at 3 weeks of age, by 6 weeks the
mutants exhibit a pronounced deficiency that persists into adult-
hood. In view of the fact that myelinogenesis in mouse CNS is
maximal between 3 and 6 weeks of age and Nkx6-2 is expressed by
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Figure 2.  Nkx6-2 is expressed continuously in most oligodendrocytes from an early age. 4,
Northern blot of spinal cord RNA shows continuous Nkx6-2 expression up to 13 months. Loading
control, 185 rRNA. B, Immunocytochemistry showing Nkx6-2 (red) localized to nuclei
(blue)inMBP * oligodendrocytes (green) from thalamus of P33 (@) and 4 month (¢; P120)
wild-type (4/-) mice and in P33 Nkx6-2 null (—/—) mice (b). Insets, MBP ™ oligodendro-
aytes. Scale bars: low magnification, 20 wm; insets, 8.4 m. C, Nkx6-2 * cells as a proportion
of MBP ™ oligodendrocytes in brains of P33 and 4 month wild-type (+/+) and Nkx6-2
null (—/—) mice.

myelinating oligodendrocytes, Nkx6-2 transcriptional activity
appears to play a critical role in latter stages of myelinogenesis.
To determine whether the rotarod phenotype might be asso-
ciated with changes in conduction velocity in the CNS of Nkx6-2
null mice, we examined evoked potentials derived from ABRs in
amanner similar to that of previous studies (Fujiyoshi et al., 1994;
Gow etal., 2004). Presentation of 102 usec pure tone pips into the
auditory canals of anesthetized mice at different sound pressure
levels elicits a series of EEGs comprising five or six well resolved
peaks with latencies ~1 msec apart (Fig. 3B). The latency of the
fifth peak is proportional to central nerve conduction velocity.
Amplitudes (microvolts) and latencies (milliseconds) of the ini-
tial peaks in EEGs obtained from Nkx6-2 null mice are similar to
littermate controls, indicating that the cochlea from the mutants
functions relatively normally; however, the peak V latencies are
longer in the mutants. In Figure 3C, we show average peak V — I
latencies as a function of age in Nkx6-2 null mice and littermate
controls. These latencies are invariant in controls between 1 and
4 months of age, indicating that CNS conduction in the auditory
tract is stable shortly after the onset of hearing. Measurements
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Figure3. Progressive rotarod phenotype and conduction abnormalities in Nkx6-2 null mice.
A, Rotarod analysis of wild-type (+/+), heterozygous (+/—), and null mutant (—/—) mice
from P21 to 4 months of age. Data are expressed as mean = SEM; 5 = n = 10. B, EEGs elicited
from 4-month-old wild-type (+/+) and Nkx6-2 null (—/—) mice using 2048 tone pips at 32
kHz between 80 and 50 dB SPL. Peaks , I1l, and V are labeled. (, Averaged peak V — I latencies
(mean = SEM; n = 5) derived from auditory brainstem responses at 8, 16, and 32 kHz in
wild-type (+/+) and mutant (—/—) mice at 1and 4 months of age.

4 mo

before P25 are less reliable. In Nkx6-2 null mice, peak V — 1
latencies are also stable with age but are increased by 15%, which
is a small but statistically significant change ( p < 0.001). Thus,
the ABR data indicate that motor impairment revealed by the
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Figure 4.
section of wild-type optic nerve. b, Wild-type myelinated axon sectioned through the internode. The inner tongue process is visible (white arrows). ¢, Wild-type myelinated axon sectioned through
the paranode. Cytoplasm in a paranodal loop is visible (black arrows). d, Transverse section of mutant optic nerve shows redundant loops (thick white arrow), thin myelin (asterisk), unmyelinated
axons (“A"), and axonal degeneration (thick black arrows). e, Stable vermicular-like processes (black asterisk) underneath a myelin sheath in mutant optic nerve. f, Compact myelin flap flanked by
paranodal loops (arrows) in optic nerve from null mice. g, Longitudinal section of a wild-type node of Ranvier (N). h, Longitudinal section of a node of Ranvier from a null mouse. Paranodal loops are
disorganized (black arrowheads). g, h, Insets show axoglial junctions (white arrowheads). Scale bars: a, d, g, h, 500 nm; b, ¢, 50 nm; e, 200 nm; f, 100 nm; insets, g, h, 150 nm.

rotarod analysis is likely caused, at least in part, by slowed con-
duction velocity in the CNS of Nkx6-2 null mice.

Nkx6-2 null mice exhibit widespread
paranodal abnormalities
In view of the physiological defects revealed in Figure 3, we ex-
amined myelin ultrastructure in adult Nkx6-2 null mice at 3, 7,
and 12 months of age from cervical spinal cord, brainstem, and
optic nerve. This latter CNS white matter tract is of particular
interest for several reasons: it is composed primarily of small-to-
medium myelinated fibers (Fig. 4a), it is well defined and ame-
nable to morphometric studies, and it is sensitive to damage in
myelin diseases such as leukodystrophy and multiple sclerosis.
Transverse sections through compact regions of myelin
sheaths reveal the high degree of organization of this membrane
(Fig. 4b). Compaction at cytoplasmic surfaces of the lipid bilayer
is evident from the dark spiral, which is interposed by a lightly
stained spiral representing juxtaposed extracellular surfaces of
the bilayer. Cytoplasm has been excluded from this internodal
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(NS myelin ultrastructural abnormalities in Nkx6-2 null mice. Electron micrographs of optic nerves from 7-month-old wild-type (a—c, g) and Nkx6-2 null (d—f, h) mice. a, Transverse

region but persists at the inner and outer loops (white arrows). At
the paranode (Fig. 4¢), only a few membrane wraps are observed,
and the inner wrap contains cytoplasm around the axon (black
arrows). Importantly, the closer a transverse section is to the node
of Ranvier, the fewer compact myelin lamellas there are around
the axon (for review, see Raine, 1984). This feature is apparent by
comparing the axons in Figure 4, b and c.

All white matter tracts that we examined in Nkx6-2 null mice
exhibit qualitatively similar myelin defects. At low magnification,
unmyelinated fibers (Fig. 4d, A) are readily apparent, whereas
most axons are ensheathed in thin myelin. The white asterisk
identifies such an axon sectioned through the internode. Redun-
dant sheaths around axons (thick white arrow) are common in
null mutants, and Wallerian degeneration is infrequent (thick
black arrow). These abnormalities are rarely observed in normal
adult animals but are common in many myelin mutants, includ-
ing md rats, quaking mice, and more recently in Mag-null and
Cgt-null mice (Friedrich, 1974; Rosenbluth, 1987; Dupree et al.,
1998; Trapp et al., 1998).
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Several abnormalities observed in
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Table 1. Morphometric analysis of myelinated fiber ultrastructure in optic nerves from P120 Nkx6-2 null mice

Nkx6-2 null mice are more pronounced
than in other mutants. In Figure 4e, >30

cytoplasmic processes underlie an inter-
nodal myelin sheath (black asterisk).
These processes contain one or more mi-
crotubules and are reminiscent of vermic-

—/= +/+and +/—
Morphological feature % Number of axons % Number of axons
Paranodes’ 24 990 22 190
Internodal loops” 11 990 0.5 190
Unmyelinated axons” 27 1064 1 903
Internodal loops” 13 1064 0.7 903

ular processes that are observed during
normal myelinogenesis (Knobler et al.,
1974). Indeed, the similar composition
and cytoplasmic density in these pro-
cesses, and the continuity of several with
the overlying sheath, reveal their deriva-
tion from myelin. Notably, the absence of
intermediate filament-containing pro-
cesses rules out a contribution to this pa-
thology by astrocytes that can invade
nodes of Ranvier and extend processes
along the periaxonal space (Rosenbluth,
1987; Bhat et al., 2001).

We do not observe vermicular-like
processes underneath compact myelin
sheaths or myelin flaps in optic nerve or
spinal cords from P16 mutants. Perhaps
the relatively late appearance of this pa-

“Longitudinal sections of optic nerve.
®Transverse sections of optic nerve.
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thology coincides with the formation of el
myelin sheaths in the latter stages of my-
elinogenesis, and in this regard we note
that, at P16, a portion of axons destined to
be ensheathed are unmyelinated. Another
common abnormality found in Nkx6-2
null mice is shown in Figure 4f. The axon
to the left is associated with a myelin
“flap,” which is flanked by cytoplasmic
loops that contact the axon and several
adjacent cell processes (long black ar-
rows). Cytoplasmic components have
been excluded from the three innermost
membrane layers of this flap, indicating
that myelin compaction proceeds inde-
pendently of circumferential wrapping
(Peters et al., 1991).

In longitudinal sections of optic nerve
(Fig. 4g), lateral myelin loops are nor-
mally tightly clustered at paranodes
(brackets) and are symmetrical across the
axon. Three distinct homotypic and het-
erotypic junctions contribute to the
structure and function of the paranode:
claudin 11 tight junctions, which mini-
mize electrical capacitance of the sheath
(Gow et al., 1999; Southwood and Gow,
2001); adherens junctions, which main-
tain the apposition of lateral myelin loops
(Schnapp and Mugnaini, 1978); and axoglial junctions, which are
dominant features of the paranode composed of NF155, caspr,
contactin, and probably other proteins (Salzer, 2003). These
junctions appear as electron-dense particles connecting the axo-
lemma and myelin loops (Fig. 4g, white arrowheads).

A longitudinal section of optic nerve from a null mutant is
shown in Figure 4h, with a node of Ranvier to the left. In contrast
to the serried appearance of lateral myelin loops in controls, para-
nodes in Nkx6-2 null mice are often disorganized, extend for
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Localization of juxtaparanodal, paranodal, and nodal proteins in Nkx6-2 null mice. A, Longitudinal section of ventral
white matter from P120 wild-type (a, ¢) and Nkx6-2 null (b, d) mice stained for caspr (green) and K, 1.2 (red) reveal paranodes and
juxtaparanodes (black arrows). ¢, Black arrowheads show a juxtaparanodal caspr * domain. White arrows and white arrowheads
delineate paranodal and juxtaparanodal widths, respectively. Scale bars: a, b, 50 um; ¢, d, 5 pum. B, Localization of caspr (green)
and six other proteins (red) to paranodes and nodes of Ranvier in ventral white matter from P120 wild-type (+/+) and null
(—/—) mice. Short black arrowheads indicate stathmin 1 localization in oligodendrocyte paranodal loops. Scale bars, 5 wm. (,
Immunofluorescence labeling of optic nerve for caspr (green) and stathmin 1 (red) from P18 wild-type (a) and Nkx6-2 null (b)
mice. Insets, Paranode staining. Scale bars: a, b, 5 um; insets, 2.2 um. D, Morphometric analysis of stathmin 1 paranodes as a
proportion of total paranodes from P18 wild-type (+/+) and null mutant (—/—) mice.

large distances along the axon (black arrowheads), and are non-
symmetrical. Nevertheless, axoglial junctions underlie paranodal
loops (inset, white arrowheads), which likely accounts for the
mild phenotype in Nkx6-2 null mice compared with other mu-
tants that lack these adhesive junctions (Coetzee et al., 1996; Bo-
sio et al., 1998; Bhat et al., 2001; Boyle et al., 2001).

A morphometric analysis in optic nerve from 50 random
fields (60,000X overall magnification) in thin sections of P120
wild-type, heterozygote, and two Nkx6-2 null mice (Table 1)
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shows that 27% of axons are unmyelinated in the mutants. Of
myelinated axons, >11% exhibit disorganized paranodes, and
these data accord with counts from transverse optic nerve sec-
tions, in which 13% of axons from two null mice exhibit abnor-
malities. Such pathology is observed in <1% of control axons,
despite similar proportions of paranodes found in controls (as-
sociated with 2.2% of axons) and mutants (associated with
2.4%).

Paranode and juxtaparanode domains are abnormal in
Nkx6-2 null mice

Poor ultrastructural organization of paranodal loops in Nkx6-2
null mice prompted us to examine the localization of several
paranodal proteins in brain, optic nerve, the CNS region of the
trigeminal nerve, and cervical ventral white matter tracts of P120
mice using immunocytochemistry.

Longitudinal sections of ventral cervical spinal cord from
adult wild-type and Nkx6-2 null mice at low magnification reveal
abundant caspr " myelin paranodes (Fig. 5Aa,Ab, black arrows).
Caspr labeling (green) flanks nodes of Ranvier on both sides and
in turn is flanked on both sides by K, channel labeling at jux-
taparanodes (red). In wild-type mice, paranodes and juxtapara-
nodes are nonoverlapping domains except for one or two caspr *
spirals coursing through the internode (Fig. 5Ac, black arrow-
heads). Furthermore, the width of the juxtaparanode across the
axon revealed by K, channel staining (short white arrowheads) is
significantly greater than that of the paranode (white arrows),
particularly for large-diameter axons. In this regard, large axons
in Nkx6-2 null mice are abnormal (Fig. 5Ad). Numerous caspr ©
spirals and deposits (black arrowhead) are found in juxtapara-
nodes and appear to segregate this internodal region (Bhat, 2003)
of the axon into multiple subdomains. These data are consistent
with the observed disorganization of paranodal loops in electron
micrographs (Fig. 4f). In addition, K, 1.1/1.2 channel labeling
suggests that paranodes and juxtaparanodes in the mutants are of
similar widths, which suggests that mechanisms regulating ax-
onal width at these sites are abnormal.

Despite these abnormalities, a number of proteins (red in each
panel) are normally targeted to the paranodal region in null mu-
tant mice (Fig. 5B, caspr labeling in green). Thus, NF186 and
Na,1.6 channels are localized to nodes of Ranvier, and the age-
dependent sodium «-subunit switch from Na,1.2 to Na,1.6 oc-
curs normally (data not shown). Furthermore, NF155, contactin,
and protein 4.1B colocalize with caspr at paranodes. Nonetheless,
paranode morphology revealed in Figure 5B appears disorga-
nized and accords with the data in Figure 4. Similar to others
(Rios et al., 2000), we find that contactin localizes to a subpopu-
lation of nodes in optic nerve and spinal cord (data not shown).

Reduced levels of stathmin 1 in paranodes of Nkx6-2

null mice

In light of the vermicular-like processes underneath myelin
sheaths of Nkx6-2 null mice, we postulated that aberrant regula-
tion of microtubule dynamics might be involved with this pathol-
ogy. Stathmin 1 is a microtubule-destabilizing protein expressed
by neurons and oligodendrocytes that is thought to be instru-
mental in neural cell process formation (Ozon et al., 1999; Liu et
al., 2003), and we find that this protein is targeted to paranodes
(Fig. 5B, +/+). Short black arrowheads show the outer edges of
stathmin 1 staining at paranodes; this labeling is wider than the
axonal diameter delineated by caspr. Thus, stathmin 1 is targeted
to myelin paranodes by oligodendrocytes. Hitherto, stathmin 1
has not been known to be localized to paranodes, and its presence
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Figure 6.  Abnormal paranodal widths and lengths in Nkx6-2 null mice. Relative frequency
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illustrates the importance of cytoskeletal dynamics and remodel-
ing at these remote outposts of oligodendrocyte cytoplasm.
Stathmin 1 labeling of paranodes is more difficult to detect in
Nkx6-2 null mice and suggests lower levels of protein that may
perturb paranode function.

To further explore stathmin 1 localization to paranodes, we
labeled optic nerve sections from P18 mice with anti-stathmin 1
antibodies (Fig. 5C). In controls (Fig. 5Ca, black arrows), stath-
min 1 (red) colocalizes with caspr (green) in most paranodes and
is also present in oligodendrocyte cell bodies (white arrows). The
inset shows a node of Ranvier at high magnification, and stath-
min 1 is clearly evident in the myelin paranodal loops (white
arrowheads). In contrast, paranodes from Nkx6-2 null mice are
poorly labeled by stathmin 1 antibodies (Fig. 5Cb, inset), and
levels of stathmin 1 in cell bodies also appear to be lower than in
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controls (white arrows). Indeed, a morphometric analysis of
stathmin 1 labeling in optic nerves (Fig. 5D) from three wild-type
mice reveals that 66 = 4% of 209 caspr * paranodes are stathmin
175 however, this protein is detectable in only 13 * 2% of 291
paranodes from three null mutants.

Paranodal widths and lengths are abnormal in Nkx6-2

null mice

In view of the abnormalities apparent in Figure 5Ad, we per-
formed a morphometric analysis of paranodal widths and lengths
as functions of age in Nkx6-2 null mice. Frequency histograms in
Figure 6 show the distributions of paranodal widths and lengths
measured from caspr-stained cryostat sections of optic nerve at
P18 and at 4 and 8 months of age. The distributions of paranodal
width for myelinated axons in wild-type (+/+) and null mutants
(—/—) at P18 overlap almost completely (Fig. 6a), and supple-
mental Table 1 (available at www.jneurosci.org as supplemental
material) highlights the similarity of these distributions with
arithmetic means (0.72 = 0.16 vs 0.74 = 0.16 wm, respectively).
Regarding CNS hypomyelination in the mutants (Table 1), the
normal distribution of myelinated fiber diameters shown in Fig-
ure 6a indicates that the absence of myelin is probably stochastic
because there are no specific subpopulations of axon sizes that are
disproportionately affected.

At 4 months of age, the distribution for null mutants is shifted
to the right ~10% (0.80 = 0.23 um), whereas the wild-type
distribution is unchanged from P18 (0.72 = 0.16 wm). The right-
shift of the distribution for the mutants at 8 months appears
markedly increased (Fig. 6¢); however, in fact, this distribution is
virtually unchanged from 4 months (0.79 = 0.21 um). Rather,
the wild-type distribution is left-shifted (0.61 * 0.16 uwm). These
surprising data may reflect a previously unrecognized process of
paranodal contraction between 4 and 8 months, during a period
after the completion of myelinogenesis in mice. The mechanism
and purpose of this remodeling process are unknown, and we
posit the involvement of the cytoskeleton at myelin paranodes
that may normally serve to compress the axon in this region. If so,
the absence of regulation of paranode diameter in null mutants
may indicate cytoskeletal abnormalities in oligodendrocytes.

In a manner similar to paranodal width, the distributions of
paranodal length in 3-week-old Nkx6-2 null mice and littermates
are comparable (Fig. 6d) (supplemental Table 1, available at
www.jneurosci.org as supplemental material). At 4 months of
age, paranodal length is increased in both wild-type and mutant
mice to the same extent, and the distributions again are similar
(Fig. 6e). At 8 months of age, paranodal length in wild-type mice
is essentially unchanged from that at 4 months; however, length
distribution for the mutants is substantially right-shifted (Fig.
6f). These data indicate that paranodal length normally increases
during the most active phase of myelination and becomes invari-
ant in adults over an extended period. In contrast, paranodal
length in the null mutant mice continues to expand with age and
may reflect an ongoing process of maturation or remodeling.
Currently, we do not know whether the abnormalities in paran-
odal width and length in the mutants stem from a common pa-
thology or are manifested as a result of the dysregulation of mul-
tiple independent pathways, but these data are consistent with
Figures 5 and 6.

Dysregulated expression of paranodal genes in Nkx6-2

null mice

Defects in Nkx6-2 null mice are not limited to structural abnor-
malities at axoglial junctions. Densitometric analysis of Northern
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blots from spinal cord (Fig. 7A) and brain (data not shown)
reveal that steady-state Nf155 mRNA is elevated in adult mutants.
At early ages, hybridization signals are similar to controls; how-
ever, Nf155 mRNA levels are fourfold higher in older mutants,
which likely reflects a derepression of transcriptional activity on
the Neurofascin gene in oligodendrocytes. In contrast, the Neuro-
fascin and Caspr genes are normally regulated in neurons from
Nkx6-2 null mice at all ages, as are mRNAs encoding other
myelin-specific genes, including the following: Tag-1, Mag, Mbp,
and Plpl. Two other homeodomain transcription factors,
Nkx6-1 and Nkx2-2, that could conceivably compensate for
Nkx6-2 loss of function are not detectable in spinal cord of the
mutants or controls at any age (data not shown). Finally, changes
in Claudin 11 expression are observed at 4 and 13 months but are
less than twofold and not consistent with age.

Steady-state mRNA levels of Contactin and Stathmin I in spi-
nal cord are consistently altered in null mutants (increased and
decreased, respectively); however, both genes are expressed by
oligodendrocytes and neurons, and we sought to determine
whether dysregulation occurs in one or both cell types. One of the
only regions of CNS in which neuronal and myelinating oligo-
dendrocyte cell bodies are easily separated is optic tract, and in
Figure 7B we show Northern blots for gene expression in retina
(neurons) and optic nerve (oligodendrocytes). As expected, Con-
tactin and Stathmin I mRNAs are present in both retina and optic
nerve, but only in mutant optic nerves are these genes dysregu-
lated. Thus, Nkx6-2 regulates expression of Contactin and Stath-
min I in oligodendrocytes, but neuronal expression is normal.

Optic tract Northern blots show gene expression changes for
several other genes. Nf155 is not expressed in retina but is present
in optic nerve and, consistent with the spinal cord data in Figure
7A, is derepressed in adult null mutants. Nf186 mRNA is present
in retina but not optic nerve and is expressed normally in mu-
tants. Finally, Tag-1 expression in oligodendrocytes is reduced to
a small (twofold), probably insignificant extent at P16 and is
expressed normally in adult mice.

To determine whether changes in steady-state mRNA levels
are reflected at the protein level, we performed Western blots on
single optic nerves from P16 and adult mice (Fig. 7C). In young
mice, levels of NF155 and contactin are comparable with con-
trols, but the levels of these proteins are elevated in null mice
compared with controls and are consistent with mRNA levels in
Figure 7, A and B. On the other hand, stathmin 1 levels in the
mutants are similar to controls at both ages, which likely reflects
alarge background contribution to the total from neurons. Levels
of the other proteins examined, including NF186, caspr, MAG,
MBP, PLPI, and DM-20 are comparable with wild-type controls.
Thus, in general, Western blot data can be accounted for or are
consistent with the Northern blotting data.

Discussion

Our analysis of Nkx6-2 null mice reveals widespread abnormali-
ties in myelinated axons in lieu of a strong behavioral phenotype.
Importantly, many of these abnormalities are common to other
myelin mutants harboring divergent genetic defects that perturb
myelin or axoglial junctions. Such commonality suggests conver-
gence of pathology on a cellular pathway that is critical for mye-
linogenesis and about which we know little. So, what are the
major players in this cellular pathway and how are they regulated?
The Nkx6-2 null phenotype affords a partial answer to this ques-
tion but, moreover, provides novel insight into the transcrip-
tional regulation of this pathway, identifies a network of effector

J. Neurosci., December 15, 2004 « 24(50):11215-11225 « 11223

molecules regulated by this pathway, and sheds sufficient light on
this pathway to generate an integrated model of pathology.

The schematics shown in supplemental Figure 2 (available at
www.jneurosci.org as supplemental material) depict salient ul-
trastructural features of a normal myelinated axon (Raine, 1984)
as well as abnormalities that we observe in Nkx6-2 null mice.
Although we cannot formally exclude the possibilities that pa-
thology stems from abnormal myelin maintenance or demyeli-
nation, our data are most easily explained by current views of
paranode formation (Pedraza et al., 2001) rather than by myelin
destruction (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). Accordingly, we integrate our obser-
vations in Nkx6-2 null mice and formulate a coherent model of
pathogenesis stemming from the absence of a transcription factor
by considering four issues.

First, the paranodal abnormalities highlighted in supplemen-
tal Figure 2B (available at www.jneurosci.org as supplemental
material) may stem from a single structural defect that arises
during myelinogenesis, that of obstructed myelin membrane ex-
pansion. In wild-type mice, circumferential myelin sheath expan-
sion occurs at the inner tongue process, and the direction of
expansion (clockwise or counterclockwise) is determined to a
large extent by local factors (Knobler et al., 1974). Thus, adjacent
membrane segments in the same sheath often expand in opposite
directions. Adding to this turmoil, transient microtubule-based
protrusions arising locally from the lateral edges of the myelin
membrane, termed vermicular processes, extend along axons and
frequently interfere with membrane expansion. Nonetheless,
competing membrane segments eventually merge and capitulate,
presumably by the process of cytoskeletal remodeling, to syn-
chronized lamellipodial expansion and elongation along the
axon to generate a myelin trapezoid (supplemental Fig. 2 A, avail-
able at www.jneurosci.org as supplemental material). In Nkx6-2
null mice, this elongation phase is incomplete. The presence of
stable vermicular-like processes subjacent to compact myelin
(supplemental Fig. 2B, “e”; available at www.jneurosci.org as
supplemental material) may interfere with or block longitudinal
membrane expansion toward the paranodes and give rise to my-
elin flaps seen in adult Nkx6-2 null mice (Fig. 4f). The mechanism
by which these vermicular-like processes persist is not clear, but
one possibility is defective cytoskeletal remodeling. In this regard,
it is tempting to speculate about the consequences of reduced
stathmin 1 in myelin sheaths from the mutants (Fig. 7).

Stathmin 1 is a ubiquitous a-tubulin-binding protein that
functions to destabilize microtubules, thereby facilitating cy-
toskeletal dynamics (Andersen, 2000). Drosophila mutants that
are hypomorphic for stathmin 1 exhibit strong cell migration and
axonal pathfinding phenotypes (Ozon et al., 2002), and aging
Stathmin 1-null mice exhibit axonal degeneration (Liedtke et al.,
2002). Oligodendrocyte process outgrowth is regulated by stath-
min 1 in vitro, whereby lowering the activity of this protein pro-
motes microtubule stability as well as process extension and
branching (Liu et al., 2003). In the same vein, lower stathmin 1
levels in Nkx6-2 null oligodendrocytes would be expected to in-
crease the stability of vermicular processes and lead to their per-
sistence in myelin sheaths. If so, our data demonstrate an impor-
tant regulatory function of Nkx6-2 during development, that of
cytoskeletal remodeling. In a broader context, regulation of the
cytoskeleton by homeodomain proteins is not without prece-
dence. The engrailed protein has been found to regulate expres-
sion of two cytoskeletal proteins, B3-tubulin in Drosophila (Ser-
rano et al., 1997) and MAP 1B in chick (Montesinos et al., 2001).

A second aspect of pathology in Nkx6-2 null mice to be con-
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sidered is altered expression of genes encoding myelin proteins.
Sustained expression of Nf155 mRNA (Fig. 7 A, B), a message that
is expressed only transiently in oligodendrocytes during normal
development (Collinson et al., 1998), indicates that the Neurofas-
cin gene is genetically downstream of Nkx6-2 in this cell type.
NF155 is a member of the L1 family of neural cell adhesion mol-
ecules, which bind to the cytoskeleton through cytoplasmic tail
ankyrin-binding domains, mediate intercellular signaling, and
coordinate cell growth (Hortsch, 1996; Zhang et al., 1998; Ben-
nett and Baines, 2001). At least a portion of the NF155 pool in
oligodendrocytes is phosphorylated early in myelinogenesis, a
posttranslational modification that inhibits ankyrin-binding ac-
tivity (Tuvia et al., 1997; Tait et al., 2000). Nonetheless, NF155 is
efficiently confined to mature paranodal loops, likely interacts
with the cytoskeleton through unknown intermediaries, and
likely recruits adhesion proteins in the axolemma, such as caspr
and contactin, to form axoglial junctions (Rasband et al., 1999;
Charles et al., 2002). Overexpression of Contactin in null mutant
mice indicates that Nkx6-2 regulates multiple cell adhesion pro-
teins in oligodendrocytes during myelinogenesis. Contactin is a
member of the immunoglobulin superfamily and likely mediates
homophilic interactions with neuronal contactin at paranodes
(Rios et al., 2000). It is presently unclear how overexpression of
the Neurofascin and Contactin genes contributes to pathology;
however, excessive accumulation of NF155 and contactin at the
lateral edges of myelin sheaths may trigger premature assembly of
axoglial junctions before the expanding membrane reaches
paranodes.

Currently, we find no evidence from Northern and Western
blotting that Nkx6-2 regulates the transcription of previously
proposed myelin genes (Awatramani et al., 1997; Farhadi et al.,
2003). Previous studies had identified cis-elements in the proxi-
mal promoters of the MBP and PLPI genes, but these sites do not
appear to be functional in vivo (Cai et al., 2001). Of course, given
the limitations of quantitation techniques used in the current
study, we cannot rule out the possibility that small expression
changes (approximately less than twofold) in these genes occur in
Nkx6-2 null mice or that functional redundancy in regulatory
networks controlling these genes maintains normal expression.
Bearing these caveats in mind, the simplest conclusion from our
data is that Nkx6-2 regulates expression of a limited set of genes
involved in cell adhesion and cytoskeletal remodeling.

The third consideration is the absence of a strong behavioral
phenotype in Nkx6-2 null mice in view of the ultrastructural
abnormalities that we observe. Although internodal loops, flaps,
thin myelin, and naked axons are widespread in these animals,
our data indicate that outer lateral loops in most sheaths reach the
paranode and form axoglial junctions sufficiently well to enable
appropriate targeting of NF155, caspr, contactin, K™ channels,
NF186, and Na* channels. Previous studies showed that only a
few wraps of compact myelin membrane are necessary for reliable
nerve conduction in CNS (Koles and Rasminsky, 1972); together,
these data account for the relatively minor physiological conse-
quences for null mutants without the need to invoke compensa-
tory mechanisms from other neural Nkx family members. Nev-
ertheless, the subtlety of this phenotype does not diminish the
importance of the gene regulatory network uncovered in the cur-
rent study. Indeed, we find that Nkx6-2 is genetically upstream of
genes encoding a cytoskeleton-remodeling protein and two cell
adhesion molecules that interact with the cytoskeleton. Regard-
less of whether these genes are direct or indirect targets of
Nkx6-2, our data demonstrate novel aspects of the processes in-
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volved in generating the nervous system and provide an impor-
tant animal model in which to further explore myelinogenesis.
Finally, it is presently unclear whether the CNS phenotype in
Nkx6-2 null mice stems entirely from a primary defect in oligo-
dendrocytes. Null embryos express high levels of lacZ in brain
nuclei contributing to cranial nerves and neurons throughout the
ventral neural tube (Fig. 1a) from E8.5 to E14.5. Committed
oligodendrocyte precursors arise only at the end of this develop-
mental window; thus, abnormal differentiation of neurons in
null embryos could conceivably perturb interactions between
these cells and oligodendrocytes in subsequent developmental
stages. In support of this notion, altered expression of the tran-
scription factors Dbx1 and Dbx2 in p0 and p1 domain progeni-
tors from Nkx6-2 null mice (Vallstedt et al., 2001) may portend
cell fate changes that impact postnatal axon—glial interactions.
On the other hand, we do not observe Nkx6-2 expression in neu-
ral retina either in embryos during the proliferation and differ-
entiation phases of this tissue (E9.5-12.5) or postnatally during
myelination of the optic tract (2-12 weeks of age). Thus, retinal
ganglion cell defects seem an unlikely source of ultrastructural
abnormalities in optic nerve myelin sheaths from null mutants.
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