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Congenital CNS Hypomyelination in the Fig4 Null Mouse
Is Rescued by Neuronal Expression of the PI(3,5)P,
Phosphatase Fig4
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The plt (pale tremor) mouse carries a null mutation in the Fig4(Sac3) gene that results in tremor, hypopigmentation, spongiform
degeneration of the brain, and juvenile lethality. FIG4 is a ubiquitously expressed phosphatidylinositol 3,5-bisphosphate phosphatase
that regulates intracellular vesicle trafficking along the endosomal-lysosomal pathway. In humans, the missense mutation FIG4™*'"
combined with a FIG4 null allele causes Charcot-Marie-Tooth 4] disease, a severe form of peripheral neuropathy. Here we show that Fig4
null mice exhibit a dramatic reduction of myelin in the brain and spinal cord. In the optic nerve, smaller-caliber axons lack myelin sheaths
entirely, whereas many large- and intermediate-caliber axons are myelinated but show structural defects at nodes of Ranvier, leading to
delayed propagation of action potentials. In the Fig4 null brain and optic nerve, oligodendrocyte (OL) progenitor cells are present at
normal abundance and distribution, but the number of myelinating OLs is greatly compromised. The total number of axons in the Fig4
null optic nerve is not reduced. Developmental studies reveal incomplete myelination rather than elevated cell death in the OL linage.
Strikingly, there is rescue of CNS myelination and tremor in transgenic mice with neuron-specific expression of Fig4, demonstrating a
non-cell-autonomous function of Fig4 in OL maturation and myelin development. In transgenic mice with global overexpression of the
human pathogenic FIG4 variant [41T, there is rescue of the myelination defect, suggesting that the CNS of CMT4] patients may be

protected from myelin deficiency by expression of the FIG4"'"

Introduction
Proper myelination is required for rapid propagation of action po-
tentials, axonal health, and fiber stability. The importance of myeli-
nation in the CNS is demonstrated by a number of hereditary
leukodystrophies and multiple sclerosis and in the PNS by Guillain-
Barre and demyelinating forms of Charcot-Marie-Tooth disease
(CMT) (Gold et al., 2000; Kaye, 2001; Dubourg et al., 2006).

The pale tremor (plt) mouse exhibits many neurological deficits,
including severe tremor, neurodegeneration, and defective myelina-
tion of the sciatic nerve (Chow et al., 2007). The plt mouse is null for
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mutant protein.

Fig4(Sac3), an evolutionarily conserved phosphatase that regulates
intracellular levels of the endolysosome-specific phosphoinositide
PI(3,5)P, (Chow et al., 2007; Poccia and Larijani, 2009). Fibroblasts
from Figd /" mice accumulate enlarged late endosomes and lyso-
somes that are reminiscent of the enlarged vacuoles in yeast deficient
for Figdp (Rudge et al., 2004; Chow et al., 2007). In the forebrain of
Figd~’~ mice, autophagy intermediates accumulate in astrocytes
and, to a lesser extent, in neurons, indicating that PI(3,5)P, is re-
quired for completion of basal autophagy (Ferguson et al., 2009).
PI(3,5)P, was shown recently to bind and activate the endoly-
sosome-specific Ca*" release channel mucolipin (TRPMLI) (Dong
et al,, 2010). It was suggested that activation of TRPMLI by
PI(3,5)P, could trigger membrane fusion events by regulating
juxtaorganellar Ca** concentration.

FIG4 is part of a large protein complex that includes the PI(5)
kinase FAB1 (PIKFyve/PIP5K3) and the scaffold protein VAC14
(ArPIKFyve) (Jin et al., 2008; Dove et al., 2009). Colocalization of
FIG4 phosphatase and its antagonistically acting kinase FAB1 in the
same protein complex is thought to facilitate rapid and local inter-
conversion of PI(3) and PI(3,5)P, (Jin et al., 2008; Botelho, 2009).
Dynamic regulation of vesicular PI(3,5)P, levels is thought to permit
precise regulation of vesicle trafficking (Di Paolo and De Camilli,
2006).

Mutations of FIG4 and TRPMLI have been identified in patients
with neurodegenerative diseases, including CMT and mucolipidosis
type IV (Slaugenhaupt, 2002; Chow et al., 2007). CMT4] is a rare,
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recessive disorder that accounts for ~0.2% of CMT (Nicholson et
al., 2011). CMT4J patients carry the FIG4 missense allele p.141T in
combination with a null allele (Chow et al., 2007). The I41T muta-
tion impairs interaction with the anchor protein VAC14, resulting in
instability of the FIG4 protein (Lenk et al., 2011). CMT4]J patients
lack upper motor signs and cognitive dysfunction (Zhang et al.,
2008; Nicholson et al., 2011), indicating that CNS function is essen-
tially intact. This is in marked contrast to the spongiform degenera-
tion in the brain of Fig4 /" null mice (Chow et al., 2007). Global
overexpression of a FIG4™'" transgene in null mice results in phe-
notypic rescue, demonstrating that the mutant protein retains func-
tional activity in vivo (Lenk et al., 2011).

Defects in PNS myelination have been reported for human
CMT4] subjects and mice null for Fig4 (Chow et al., 2007; Zhang
et al., 2008). The defective PNS myelination, coupled with the
severe action tremor that develops in Fig4 '~ mice during the
second postnatal week, prompted us to investigate the role of Fig4
in CNS myelination. Here we show that Fig4 function is critical
for oligodendrocyte (OL) maturation and normal CNS myelina-
tion. Transgenic rescue experiments demonstrate that impaired
myelination in Fig4 null mice is secondary to neuronal defects
and that Fig4"'" is protective of the defect in CNS myelination.

Materials and Methods

Mouse breeding, transgenic mice, and genotyping. All mice used in this
study were housed and cared for in accordance with National Institutes
of Health guidelines, and all research conducted was done with the ap-
proval of the University of Michigan and University of Rochester Com-
mittees on Use and Care of Animals. plt mice carry a spontaneous null
mutation of Fig4 that originated on a mixed-strain background (Chow et
al., 2007) and is maintained as a recombinant inbred line designated
CB.plt that is now at generation N12 (Lenk et al., 2011). To obtain ho-
mozygous plt mice of either sex, Fig4 heterozygous mice (Fig4*/~) were
crossed and genotyped as described previously (Chow et al., 2007). The
transgenic lines Tg705 and Tg721 express a mouse Fig4"*'" cDNA carry-
ing the human pathogenic 141T missense mutation under the transcrip-
tional control of the globally expressed chicken B-actin promoter (Lenk
et al,, 2011). The two independent transgenic mouse lines, TgN1 and
TgN3 (C.J.F., G.M.L,, and M.H.M., unpublished observation) express
full-length wild-type (WT) Fig4 cDNA under the transcriptional control
of the 2.8 kb neuron-specific enolase (NSE) promoter derived from the rat
Eno2 gene; this promoter has been widely used for neuron-specific transgene
expression (Forss-Petter et al., 1990; Race et al., 1995; Kearney et al., 2001).

Brain membrane and myelin preparation. Brains from postnatal day 21
(P21) Fig4 WT and mutant mice were dissected, and equal amounts of
tissue (2.0 g) were homogenized in 10 ml of ice-cold low-sucrose buffer
[0.25 M sucrose, 10 mm HEPES, pH 7.4, 3 mm DTT, 5 mm EDTA, and 200
ul of tissue protease inhibitor mix (Sigma)] using a 15 ml Wheaton
Dounce tissue homogenizer cooled on ice. The tissue homogenates were
adjusted to 1.4 M sucrose by addition of ice-cold high-sucrose buffer (1.9
M sucrose, 10 mm HEPES, pH 7.4, 3 mm DTT, 5 mm EDTA, and 1:200
protease inhibitor mixture). In a 13 ml centrifuge tube, 7 ml of brain
extract were underlaid with 5 ml of ice-cold high-sucrose buffer and spun
for 1 h at 75,000 X g (Sorval SW41 rotor). Total brain membranes en-
riched at the 0.25/1.4 M sucrose interphase were collected, diluted 1:10 in
ice-cold 10 mm HEPES, pH7.4, homogenized on ice, and spun for 20 min
at 75,000 X g. The pellets were resuspended in 10 mm HEPES, the pro-
tein concentration was determined with the Pierce BCA kit, aliquoted,
and frozen at —80°C. For the isolation of myelin, brain homogenates
were fractioned as described previously (Robak et al., 2009).

Western blot analysis. Proteins from total brain membranes and myelin
fractions were separated by SDS-PAGE and transferred onto nitrocellu-
lose membranes (GE Healthcare). An equal amount of protein (2 ug)
was loaded per lane. Membranes were blocked in 2% milk in Tris-
buffered saline with 0.3% Triton X-100 for atleast 1 h and incubated with
primary antibody overnight at 4°C. Primary antibodies included mouse
anti-BIII tubulin (1:1000; Promega), mouse anti-GFAP (1:5000; Sigma),
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rabbit anti-myelin-associated glycoprotein (MAG) (1:1000; custom
made), rat anti-myelin basic protein (MBP) (1:500; Millipore), and rab-
bit anti-proteolipid protein (PLP) (1:5000; custom made). Primary an-
tibodies were detected using horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:3000; Millipore Bioscience Research Reagents or
GE Healthcare). Rabbit anti-MAG and rabbit anti-PLP polyclonal anti-
bodies were generated by immunization of rabbits with either a
6-histidine-tagged fusion protein of the rat L-MAG cytoplasmic portion or
cytoplasmic loop of rat PLP. Histidine-tagged fusion proteins were ex-
pressed in Escherichia coli using the pTrcHis expression system (Invitrogen),
purified over an nickel-nitrilotriacetic acid column, and used for immuni-
zation (Venkatesh et al., 2005).

Quantitative reverse transcription-PCR. Total RNA was isolated from fresh
whole brain using the TriZOL (Invitrogen) reagent. RNA was quantified
using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific). Five microgram aliquots of total RNA from P21 WT or Figd ™/~ mice
were treated with amplification-grade DNase I (Invitrogen) and used in
first-strand cDNA synthesis (Invitrogen) reaction using oligo-dT primers
(Invitrogen). Gene expression was determined using predesigned TagMan
assays for MAG (assay identification number Mm00487538_m1), MBP (as-
say identification number Mm01262037_m1), PLPI (assay identification
number MmO00456892_m1), PDGFRa (assay identification number
Mmo00440701_m1), and NG2/CSPG4 (assay identification number
Mm00507256_m1) using the Gene Expression Master Mix (Applied Biosys-
tems). Fluorescence was measured on a Step-One Real-Time PCR System
(Applied Biosystems) at the Microarray Core at the University of Michigan.
The mean C; value for each gene was calculated from quadruplicate mea-
surements of each sample. The mean value for each of the genes was normal-
ized to the mean value obtained for the TATA box binding protein (TAT-bp)
transcript (assay identification number Mm00446971_m1) assayed in the
same experiment: AC = C(TAT-bp) — Cr(gene). This normalized value
(AC;) is shown for each biological replicate.

Histochemical and morphometric procedures. Mice were deeply anes-
thetized with a mixture of ketamine and xylazine and transcardially per-
fused with 4% paraformaldehyde. Retina, optic nerve, sciatic nerve,
brain, and spinal cord were dissected, postfixed in perfusion solution for
1-2 h, and cryoprotected in 30% sucrose.

For in situ hybridization with riboprobes specific for MAG and NG2 tran-
scripts, neural tissues of perfused mice were embedded in OCT (Sakura
Finetek), cryosectioned to 20 um, and mounted onto Superfrost Plus
(Thermo Fisher Scientific) microscope slides. After postfixation in 4% para-
formaldehyde solution for 20 min, sections were rinsed, treated with 50
pg/ml proteinase K in PBS containing 5 mm EDTA, incubated with 0.25%
aceticanhydride in 1% triethanolamine, and prehybridized for 2 h in hybrid-
ization solution (1X Denhardt’s solution, 100 pg/ml yeast tRNA, 50% for-
mamide, and 5X SSC) at room temperature. For in situ hybridization,
unfixed brain tissue of P21 Figd "/, Figd ™/~ and Figd /~,TgNI mice were
cryosectioned at 25 wm and mounted onto Superfrost Plus (Thermo Fisher
Scientific) microscope slides. After postfixation in 4% paraformaldehyde
solution for 20 min, sections were rinsed and incubated with 0.25% acetic
anhydride in 1% triethanolamine and then prehybridized for 12 h at room
temperature. A 2.3 kb fragment of the mouse Fig4d cDNA containing the
entire coding region was cloned via HindIII into the pSP72 vector (Promega)
inboth 5" —3"and 3’ —5'orientations and linearized with Xbal. Sp6 —RNA
polymerase was used to generate sense and antisense riboprobes as described
previously (Giger et al., 1996).

For double-immunofluorescence labeling, tissues were embedded in
OCT and cryosectioned at 25 wm for mounting on slides or 50 um for
free-floating sections. Mounted sections of P7, P19, and P21 mice were
blocked with PBS containing 5% horse serum and 0.3% Triton X-100 and
incubated with mouse anti-MAG (1:1000; Millipore Bioscience Re-
search Reagents), mouse CC1 (APC, 1:250; Calbiochem), rabbit anti-
neurofilament-M (NF-M) (1:200; Millipore), rabbit anti-cleaved caspase-3
(1:250; Promega), rabbit anti-Olig2 (1:500; Millipore), mouse anti-p62 (1:
200, SQSTMI; Abrora), rabbit anti-GFAP (1:5000; Millipore Bioscience Re-
search Reagents), and detected with Alexa Fluor-488- or Alexa Fluor-594-
conjugated secondary antibody (1:3000; Millipore Bioscience Research
Reagents or GE Healthcare). Some sections were counterstained with the
nuclear dye Hoechst (1:30,000) for 5 min. Processing of free-floating brain
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sections (50 um) was performed as described
previously (Giger et al., 2000). Briefly, sections

were quenched with 3% H,0,/24% DMSO/73%

methanol for 4 h, rinsed, blocked with 10% fetal
bovine serum, and incubated in rat anti-MBP (1:
500; Millipore). HRP-conjugated antibody (1:
1000; Millipore) was used to visualize bound
anti-MBP. Stained sections were examined with
an Olympus IX71 fluorescence microscope at-
tached to a DP72 camera. For quantification of

oligodendrocyte precursor cells (OPCs) per field
of view (FOV), pictures of the corpus callosum
(648 X 864 wm) were taken at P7, before the
onset of myelination. The corpus callosum was
identified as low-cell-density area after Hoechst
nuclear staining with reagent 33342 (1:30,000).
For quantification of TuJ1-positive retinal gan-

Corpus Callosum

Fig4 +/+ Figi-/- | G A
-
Bl Tubulin -

glion cells (RGCs) at P19, pictures (FOV, 500 X
250 wm) were analyzed. The number of Oligo2-
expressing (Olig2 ™) cells within the corpus callo-
sum and the number of TuJ1 * RGCs per FOV
was averaged over four consecutive sections. A
total of three mice per genotype was analyzed.
Only anti-Olig2- or TuJ1-immunolabeled cells
that had a Hoechst-labeled nucleus were

counted. OPCs per FOV in cerebellar lobules
were quantified in a similar manner. The number
of Olig2 ™ cells per FOV (324 X 432 pm) was
quantified and averaged over four consecutive
sections (1 = 3) per genotype.

For analysis of nodes of Ranvier, optic nerves
were cut into 10 pm sections on a cryostat and

Cerebellum

mounted on chromalum-subbed microscope

slides. These sections were permeabilized in 0.1 M
phosphate buffer, pH 7.4, containing 0.3% Tri-
ton X-100 and 10% goat serum (PBTGS). Pri-
mary antibodies used were monoclonal anti-pan
Na* channels (Rasband et al., 1999) and poly-
clonal anti-Caspr (Peles et al., 1997). Secondary
antibodies were anti-rabbit or anti-mouse, con-

jugated to Alexa Fluor-488 or Cy3. All antibodies
were diluted in PBTGS. These sections were
examined on a Nikon Microphot fluorescence
microscope and imaged with a Hamamatsu
C4742-95 cooled CCD camera controlled by
Image-Pro (Media Cybernetics). Images were
analyzed by manually counting, tagging, and

Spinal Cord

classifying node/paranode regions. Each FOV
was 68 X 55 um. Twenty-nine FOVs from two
Figd™* mice and 27 FOVs from two Figd /"~
mice were analyzed.

Electron microscopy. Mice at P10, P15, P21,
P90, and P120 were deeply anesthetized with a
mixture of ketamine and xylazine and perfused
with 3% paraformaldehyde (Electron Micros-
copy Sciences) and 2.5% glutaraldehyde (Ted
Pella) in 0.1 M Sorensen’s buffer. Retina, optic
nerve, sciatic nerve, brain, and spinal cord were
dissected and postfixed at 4°C overnight in per-
fusion solution, incubated in OsO, (1% solu-
tion in 0.1 M Sorenson’s buffer) for 1 h, and
embedded in epoxy resin. For light micros-
copy, 0.5 wm semithin sections were stained with toluidine blue. For
transmission electron microscopy (TEM), ultrathin (75 nm) sections
were cut at the University of Michigan Imaging Laboratory Core and
visualized with a Philips CM-100 microscope. TEM images were ana-
lyzed at 10,500—-64,000 X magnification. NIH ImageJ software was used
for quantification of fiber diameter, axon caliber, and percentage of ax-
ons myelinated in the optic nerve. To account for the oval shape of many

Figure 1. (NS hypomyelination in the Fig4’/’ mouse. P21 WT (Fig4+/+) and mutant (Fig4’/’) brain and spinal cord
sections were immunostained with anti-MBP (brown) and counterstained with Niss| (purple). A, A", Coronal sections of forebrain
show labeling of the corpus callosum and rostral branch of the anterior commissure (arrow). B, B, Close-up of forebrain showing
thinning of the corpus callosum and enlarged lateral ventricles in fig4 "~ compared with Fig4 */* mice. €, C’, Coronal sections
at the level of cerebellum and brainstem. D, D', Close-up of cerebellum shows thinning of white matter (arrow) in lobules of
Fig4 "~ mice.E, E’, Cross-sections of thoracic spinal cord show loss of white matter in Fig4 /"~ mutants. F, F’, Close-up of dorsal
funiculus shows decreased MBP labeling in Fig4 "~ compared with Fig4 */* spinal cord. Arrows point to corticospinal tract. G,
Representative immunoblots of equal protein amounts of P21 Fig4 */* and Fig4 /™ brain membranes. A reduction of the
myelin-associated proteins MBP, PLP, and MAG is observed in Fig4 ™ brain membranes. The most pronounced reduction is
observed for PLP. GFAP is greatly increased in Fig4 ~/~ mutants, although no changes in neuron-specific class |1l 3-tubulin are
found. Scale bar: 4,A’,C,C’,1mm;B,B’,D,D’,0.3 mm; E, E’, 0.5 mm; F, F’,0.2 mm.

axons in optic nerve cross-sections, diameters were measured twice per
axon, once across the shorter distance and once across the longer. The
mean of the two values obtained was used. To calculate g-ratios of my-
elinated axons, diameter of an axon in the optic nerve was determined
and divided by the diameter of the same axon including the myelin
sheath. A minimum of 300 axons was quantified for each developmental
stage and genotype. The percentage of axons myelinated was assessed by
counting the number of myelinated axons in a randomly selected FOV
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Figure 2.  No evidence for loss of RGCs or optic nerve axons in fig4 "~ mice. A-D, Toluidine blue labeling of P21 WT (Fig4*/*) and mutant (Fig4 ™) retina. No major defects in retinal
lamination or the optic nerve head (asterisk) are observed in Fig4 ~~ mutants. In Fig4 /"~ mice, the inner retina shows small-diameter (arrowhead in B) and sometimes large-diameter
(arrowheadsin D) vacuoles. E, F, P19 retinae labeled with TuJ1 to visualize RGCs (red) and counterstained with the Hoechst nuclear dye 33342 (blue). G, H, P19 retinae labeled with anti-GFAP (green)
and counterstained with a nuclear dye (blue). Scale bars: A-H, 50 wm. I, J, Low-magnification images of optic nerve cross-sections of P21 Fig4 /™ and Fig4 /™ mice stained with toluidine blue.
Scale bars: 1, J, 50 um. K, Morphometric assessment of axon caliber distribution in P21 optic nerve of Fig4 "/ (blue graph, n = 4) and Fig4 "~ (red graph, n = 4) mice. Measurements of axon
diameter were made from electron microscopy images and revealed a shift toward smaller-sized axons in Fig4 /" mutant mice.

divided by the total number of axons in the same field. A total of at least
1500 axons was quantified per genotype at each developmental stage
examined. For statistical analysis of the data, Student’s ¢ test in Microsoft
Excel was used.

Optic nerve conduction recordings. Age-matched pairs of Figd WT and
mutant mice at P22-P24 were killed by CO, inhalation. Both optic nerves
from each animal were dissected and placed in oxygenated artificial CSF
(ACSF). ACSF contained the following (mwm): 125 NaCl, 1.25 NaH,PO,, 25
glucose, 25 NaHCOj, 2.5 CaCl,, 1.3 MgCl,, and 2.5 KCl (saturated with 95%
0,/5% CO,). Nerves were incubated in oxygenated ACSF for 45—60 min at
room temperature and then transferred to a temperature-controlled record-
ing chamber held at 37 = 0.4°C. Each end of the nerve was drawn into the tip
of a suction pipette electrode. One electrode was connected to a constant-
current stimulus isolation unit (WPI) driven by the computer and the other
to one input of a differential alternating current amplifier of our own design.
The other amplifier input was connected to a pipette that was placed near the
recording pipette but not in contact with the nerve. This electrode served to
subtract most of the stimulus artifact from the records. Signals were filtered
at 10 kHz, sampled at 50100 kHz, and fed into a data acquisition system.

For analysis, single peaks were fitted by a third-order polynomial, and the
conduction velocity was taken as the length of the nerve divided by the
time-to-peak. The multiple components from myelinated axons were fitted
by the sum of three Gaussian curves (Chen et al., 2004). Velocities and
amplitudes were then derived from the individual components.

The CABLE program (Hines, 1989; Hines and Shrager, 1991), modi-
fied to include an independently specified extracellular layer surround-
ing each segment (Hines and Shrager, 1991), was used to compute action
potentials in model axons with 12 nodes and 11 internodes. Internodal
lengths were taken from the data of Murray and Blakemore (1980). Other
computational model parameters were as described previously (Shrager,
1993), except that for these mammalian axons the delayed rectifier K™
channels were juxtaparanodal.

Results

Reduction of CNS myelin in the plt mouse null for Fig4

To determine the effect of loss of Fig4 on myelination of CNS
axons, brain and spinal cord of P21 WT (Figd"’*) and plt
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(Figd~’~) mice were cryosectioned and
stained with anti-MBP, a marker for ma-
ture myelin. In coronal sections of the
Figd™'~ brain, myelinated fiber tracts are
reduced in size compared with age-
matched Fig4""" controls (Fig. 1). Major
brain commissures, such as the corpus
callosum and the rostral branch of the an-
terior commissure, appear smaller and
show less MBP immunoreactivity. The
lateral ventricles of Fig4 ™/~ mice are
greatly enlarged (Fig. 1A--B’). In the cer-
ebellum, myelinated fibers projecting into
individual lobules show decreased MBP
immunoreactivity (Fig. 1C--D'). Addi-
tionally, the thickness of the white matter
is substantially reduced in the Figd ™"~ spi-
nal cord (Fig. 1E,E"). Axons of the corti-
cospinal tract exhibit a particularly strong
reduction in MBP immunoreactivity (Fig.
1FF').

Despite their reduced body size (Chow
etal., 2007), the wet weight of brain from
Fig4™’~ mice (0.38 * 0.04 g, n = 8) and
Figd™* mice (0.39 = 0.03 g, n = 6) at 1
month of age (28 = 2.5 d) do not differ.
To independently assess the apparent
decrease of myelin in Fig4 /™ mice, to-
tal brain membranes from Fig4™'" and
Fig4~’~ mice were isolated and analyzed
by immunoblotting with antibodies spe-
cific for MBP, PLP, and MAG. Consistent
with the immunohistochemical data, im-
munoblots showed a reduction of MBP in
Fig4™’~ brain membranes (Fig. 1G). In
addition, PLP and MAG are less abundant
in the Fig4 /" brain compared with age-
matched Fig4*’* controls (Fig. 1G). Anal-
ysis of purified myelin revealed a >50%
decrease in total myelin protein, but the
protein composition of the Figd '~ myelin
appears indistinguishable from Fig4 ™"
controls (data not shown). In agreement
with previous observations (Ferguson et al.,
2009), GFAP, a marker for astrocytes in the
more mature CNS, is elevated in Fig4 null
brain, indicative of reactive gliosis. How-
ever, there is no apparent change in the neu-
ronal marker class III B-tubulin at P21 (Fig.
1G). Collectively, immunohistochemical
and biochemical studies show that loss of
Fig4 leads to a pronounced reduction in
CNS myelin.

Normal number of axons in optic nerve
of Fig4 null mice

Because of its easy accessibility and well-
defined anatomy, the optic nerve was cho-
sen for in-depth analysis of defects in CNS

myelination. Because Figd ’~ mice die between 1 and 2 months
of age (Chow et al., 2007), analysis of the retina and optic nerve
was performed at P21, a late developmental stage when myelina-
tion of RGC axons is essentially complete (Fig. 2). At 3 weeks of
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Figure3.  Small-caliber axons are not myelinated in the Fig4 "~ optic nerve. A—C, Electron microscopy images of optic nerve cross-
sections of P21 figd "/, Fig4™*/~, and Fig4 "~ mice shows a Fig4 gene dosage-dependent decrease in the percentile of myelinated
axons. D, Image of optic nerve cross-section of Fig4 ™~ at P90. E, Graph showing the percentage of myelinated axons at P21 asa function
of axon caliber within each genotype. Fifteen different size groups, ranging from 0.1to 1.5 em n axon caliber, were used to subdivide optic
nerve axons. Three mice for each genotype (Fig4 /™, Fig4™*/~,and Fig4 ") were included in the analysis. Differences in the percentile
of myelination between Fig4 ™/ and Fig4 "~ are not significant for axons <<0.2 wm; significant for axons between 0.2 and 0.3 um
(p << 0.05), highly significant for axons between 0.3 and 1.0 em (p << 0.007), and not significant for axons between 1.1and 1.5 m in
diameter. Results are presented as the mean = SEM; Student’s ¢ test. F, Quantification of percentile of myelinated axons in the optic
nerve at P21 [dark blue (Fig4 /™), dark purple (Fig4 /™), and red (Fig4—"~)] and at P90 [light blue (Fig4 */*) and light purple
(Figa ™' ~)). AtP21,94 = 2% (Figd ™'+ ,n = 4mice), 50 = 2% (Fig4 *' ~,n = 4),and 27 = 2% (Fig4 "~ ,n = 3 mice) of axons are
myelinated. At P90, 84 = 2% (Fig4 "/, n = 3 mice) and 88 + 2% (Fig4 */ ~, n = 4 mice) of axons are myelinated. Results are
presented as the mean + SEM; ***p << 0.001, Student’s ¢ test. G, Quantification of g-ratio for all myelinated axons in P21 figd ™/,
Fig4 '~ ,and Fig4 "~ opticnerve. Results are presented asthe mean = SEM; *p << 0.05 (n = 4mice foreach genotype). H, Scatter plot
showing the distribution of g-ratios of myelinated axons as a function of axon caliber at P21 for Fig4 */* (blue) and Fig4 "~ (red) optic
nerves (n = 4). Scale bars: A-D, T um.

age, the optic nerve diameter of Figd ’~ mutants (249 + 5 um,
n = 6) is 22% smaller than in Figd ™" (319 = 10, n = 6) mice
(p < 0.05). To determine whether the reduced nerve size is a
result of retinal defects, we examined retinae of Figd"’* and
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Figure4. Fig4/~ mice exhibit severe dysmyelination of the optic nerve. Developmental time study of axon myelination. Ultrastructural images of optic nerve cross-sections from Fig4 ™/ *and
Fig4 "~ miceat P10 (4,A’), P15 (B, B’), and P21 (€, C') are shown. Scale bar, 1 rzm. D, Quantification of percentage of myelinated axons in Fig4 */"and Fig4 "~ opticnerve atP10 (n = 3),P15
(n=3),and P21 (n = 4). E, Quantification of average diameter of myelinated axonsin fig4 */*and Fig4 /~ opticnerve at P10 (n = 3),P15 (n = 3),and P21 (n = 4). F, Fiber g-ratios at different
developmental stages were determined and are shown as a function of age at P10 (n = 3), P15 (n = 3),and P21 (n = 4). Only myelinated fibers were included to determine g-ratios. D—F, Results

are presented as the mean = SEM; *p << 0.05, ***p << 0.001, Student’s t test.

Fig4™’~ mice at P19-P21. Toluidine blue staining revealed nor-
mal retinal stratification and proper development of the optic
nerve head (Fig. 2A,B). The inner plexiform layer (IPL) of
Figd~’~ mutants contained vacuole-like structures reminiscent
of those in deep layers of the neocortex reported previously
(Chow et al., 2007). The penetrance of this phenotype is 100%,
but its expressivity varies greatly, ranging from few small (~20
um) vacuoles in the IPL (Fig. 2 B) to numerous large (~50 wm)
vacuoles (Fig. 2 D). At P19, the number of TuJ1-positive RGCs is
indistinguishable between the Fig4™’* (27 + 5, n = 3) and
Figd™’~ (30 = 4, n = 3) mice per FOV (Fig. 2E,F), and GFAP
immunofluorescence appears not significantly altered (Fig.
2G,H). At P19, cell death in the RGC layer, as assessed by staining
for activated caspase-3, was not elevated in Fig4 /" mice (data
not shown). For an independent assessment of RGC numbers,
axons in the optic nerve of Figd™'" and Figd '~ mice were
counted. Analysis of P21 optic nerve cross-sections by TEM re-
vealed an average of 72,300 * 4100 axons per Fig4 """ optic nerve
(n = 3) and 74,200 * 3700 axons per Figd ’~ optic nerve (n = 3).
Morphometric studies revealed a small shift in the distribution
profile of axon caliber in Fig4 /"~ toward smaller calibers (Fig.
2 K). This is most likely a reflection of the severe hypomyelination
described below, because it has been shown that myelination
increases the axon caliber (Yin et al., 1998). Together, these stud-

ies show that the number of RGCs in Fig4 WT and mutant mice is
comparable.

Loss of Fig4 causes severe hypomyelination of the optic nerve
Next, we examined whether a reduction in myelination contrib-
utes to the decreased optic nerve diameter in Fig4 /™ mice. As
shown in Figure 3A-C, the fraction of myelinated axons in the
optic nerve is reduced in a manner proportional to the Fig4 gene
dosage (Fig. 3A—C). In Figd /" mice at P21, 94 = 2% of axons are
myelinated. In Fig4+/ " mice, 50 = 2% and, in Fig4_/ " mice, 27 *
2% of axons in the optic nerve are myelinated (Fig. 3F ). Thus, loss
of one or both copies of the Fig4 gene leads to a significant de-
crease in myelinated axons. The deficit in Fig4*/~ heterozygotes
is a developmental delay that is overcome by P90 (Fig. 3D). This
is the first demonstration of neural impairment in Fig4"’~
heterozygotes, with implications for a potential role of Figd ™/~
heterozygosity in amyotrophic lateral sclerosis (ALS) patients
(Chow et al., 2009).

There is a striking axon size dependence in the myelin deficit
of Fig4 mice. In Figure 3E, the percentage of myelinated axons is
plotted as a function of axon diameter. In Figd*/* mice, virtually
all optic nerve axons >0.4 wm are myelinated at P21. However, in
Figd~’~ mice, the majority of axons <0.6 um lack myelin en-
tirely, and even some large-diameter axons (>1 um) are only
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partially myelinated. This latter point is
addressed in more detail below. Loss of
only one copy of Fig4 leads to an interme-
diate phenotype. Compared with WT
controls, Figd ™~ optic nerve axons with a
caliber between 0.3 and 0.7 um show de-
creased myelination (Fig. 3E). This indi-
cates that, in P21 optic nerve, Fig4 is
haploinsufficient for proper myelination.
The reduced size of the optic nerve diam-
eter in Fig4 null mutants nicely correlates

Fig4 -/- Fig4 +/+

Fig4 -/-

with the observed reduction of myelin- H
ated axons. 0.35-
To further analyze the myelination " 0.30]
deficits in the optic nerve, we determined g
g-ratios (the ratio of the inner axonal di- 2 0.257
ameter to the total fiber diameter) and € 0.201
myelin periodicity (the thickness of the g
myelin wraps). In Figd™" mice, the © 011 FxR%
g-ratio of myelinated axons is 0.74 * 2 0107
0.010. There is a Fig4-dependent increase £ 0051
in the g-ratio, with significantly higher
values in heterozygous (Figd*'~, 0.78 * 0.00- et
0.003) and null (Fig4’~, 0.81 = 0.01)
mice, indicative of less myelin (Fig. 3F).  Figure5.

Plotting the g-ratio of myelinated axons as
a function of axon caliber shows that the
g-ratio in Fig4 /~ mutants is slightly
shifted toward higher values compared
with Figd*’* controls (Fig. 3G). The shift
is observed independently of the caliber
of the myelinated axons. Consistent
with this observation, analysis of high-
magnification TEM images shows a small but significant dif-
ference in the periodicity of compact myelin: 12.6 = 0.1 nm in
Figd"* and 11.8 + 0.2 nm in Fig4 /™ mice (p = 0.02).

Loss of Fig4 causes CNS dysmyelination
Hypomyelination of the optic nerve in Figd4 '~ mice could be
caused by either loss of myelin sheaths of axons that were myelin-
ated at an earlier time point (demyelination) or a developmental
failure of axons to undergo myelination (dysmyelination). To
distinguish between these, we analyzed the time course of optic
nerve myelination. At P10, few myelinated axons are found in the
optic nerve of Figd /" (7 = 2%) and Figd '~ (2 = 1%) mice (Fig.
4). Even at this early developmental stage, a significant reduction
(p = 0.02) in the percentage of myelinated axons was noticed
(Fig. 4A,A",D). Although progressively more axons become my-
elinated at P15 and P21 in Fig4 WT and mutant mice, at each
developmental stage, the proportion of myelinated axons in Figd /"~
optic nerve is dramatically reduced (Fig. 4 B--D). The average diam-
eter of myelinated axons is comparable for Fig4 ™" and Figd "~
mice at P10 and P15 but s slightly larger for Fig4 /™ at P21 (Fig. 4 E).
This is likely a reflection of the preferential myelination of large-
caliber axons in the mutant mice (Fig. 3E). Moreover, g-ratios at P10
and P15 are similar for Fig4 WT and mutants but are increased in
Figd™’~ mice at P21 (Figs. 3G, 4F). Based on these developmental
studies, we conclude that, in Fig4 null mutants, a large proportion of
axons fail to undergo myelination. Thus, the severe hypomyelina-
tion phenotype observed at P21 (Fig. 3) is primarily a reflection of
axon dysmyelination rather than demyelination. A hallmark of re-
myelination is the presence of uniformly thin myelin sheaths associ-
ated with large- and small-caliber axons, coupled with the presence
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Disorganized nodes of Ranvier and paranodes in the Fig4 "~ optic nerve. A—F, Optic nerve sections immunostained
forNa ™ channels (red) and Caspr (green) to visualize nodes and paranodes, respectively. Fig4 /% (A,B)and Fig4’/’ (C-F)optic
nerve at P21.4, C, Normal nodal structure in large-diameter axons is found in both genotypes. B, A thin myelinated axon, common
inFig4 */* butrarein Fig4 "~ mice. Abnormal structurein Fig4 /"~ mutantsincluded focal heminodes (D), retracted paranodes
(E), and heminodes with broad regions of Na *
per FOV (68 X 55 wm) is decreased in Fig4 "
D-Fis much greaterin Fig4 /"~ mice. I, Plot of the fraction of nodes present on axons with a diameter <0.5 m. FOVs analyzed:
Figd™*,n = 29; Figd /=, n = 27.%**p < 0,001, Student’s t test. Scale bars: A~F, 10 pm.

channel label (F). Bar graphs in G-I plot means == SEM. @, The number of nodes
~ mice. H, The fraction of nodes that fit into at least one of the categories shown in

of myelin debris. We found neither of these signs of axon remyeli-
nation in the optic nerve of Figd '~ mice. Although remyelination is
observed in the sciatic nerve of Fig4 /~ mice (Lenk et al., 2011), it
does not occur in the optic nerve. Collectively, our studies suggest
that developmental failure to myelinate small- and intermediate-
sized axons is the primary reason for the Fig4 ’~ CNS hypomyeli-
nation phenotype.

Abnormal nodes of Ranvier in Fig4 ’~ optic nerve

To examine whether loss of Fig4 influences nodal or paranodal
organization, optic nerve sections were immunostained to local-
ize pan Na " channels and the paranodal axonal protein Caspr at
nodes of Ranvier (Menegoz et al., 1997; Peles et al., 1997). Figure
5A-F shows representative images. Figure 5, A and B, is from a
Figd™* optic nerve and illustrates the largest and smallest my-
elinated fibers seen, respectively. In the latter, the diameter at the
node is =0.5 um. Figure 5C—F are from Fig4 '~ nerves. In Figure
5C, the nodes within these large axons of Fig4 /~ mice appear
normal. However, there were many heminodes with focal Na *
channel label in these sections (Fig. 5D), indicating segmental
absence of myelin. Because myelin debris was not seen, this is
likely a developmental dysmyelination, not a demyelination. Fur-
thermore, other abnormalities appeared. In Figure 5E, the para-
nodes are retracted, and Na ™ channels now populate the much
wider gap. In Figure 5F, there is a heminode in which Na ™ chan-
nels again occupy a wide region, away from the original nodal
gap. Additionally, small myelinated axons were observed much
less frequently in Figd~’~ mutants than in Fig4 ™" These results
are quantified in the bar graphs in Figure 5G-I. The number of
nodes is reduced by 50% in mutant optic nerves (Fig. 5G). In
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Figure6.  Larger population of slow conducting axonsin the optic nerve of Fig4 ™ mice. A, CAP recorded from a Fig4 ™/ opticnerve
atP22—-P24. Peaks 1-3 reflect contributions from myelinated axons. There s only a small signal from slow unmyelinated axons (peak 4). B,
CAP recorded from an optic nerve of an age-matched Fig4 "~ mouse. In contrast to Fig4 ™/ optic nerve, a very large slow component
(peak 4) is seen in mutants. The component likely representing thinner myelinated axons (peak 3) is small or absent in mutants. , Peaks
1-3ofaFig4 % nerve (black line) are fitted by the sum of three Gaussians (red line). D, Optic nerve from a Fig4 ~/~ mutantin which the
fit requires only peaks 1and 2 (red line). E, Conduction velocities of peaks 13 (from Gaussian fits) and peak 4in Fig4 ™/ and Figd "/~
optic nerves. F, The ratio of the amplitude of peak 4 to the maximum amplitude of the myelinated complex (peaks 1-3). Fig4 */*,n = 5
animals (9 nerves), Fig4 "~ ,n = 5animals (10 nerves). Error bars indicate SEM; *p << 0.05, ***p << 0.001, Student’s  test. G, Predicted
conduction velocity computed from measured g-ratios. g-ratio data from electron micrographs of Fig4 ™" fibers (n = 399) and figd "~
fibers (n = 400) were sorted by diameterinto 10 groups of each genotype, and the mean values from each group were used in calculations.
Action potentials were calculated at nodes 5— 8 at 37°C. The graph thus represents predicted velocities based on the measured g-ratios, i.e.,
myelin thickness. Note that CAP velocities in Fig4 ™ nerve (red dots) deviate from the linear plot and are decreased compared with WT
control (blue dots). The model does not include any nodal/paranodal abnormalities.

Figure 5H, the combined data for all myelin abnormalities seen in
Figure 5D-F (heminodes, retracted paranodes, and broad Na™
channel immunoreactivity) are shown. There were clearly many
more dysmyelinated sites in the Fig4 '~ mutants than in Fig4 ™",
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The graph in Figure 51 plots the fraction of
nodes for axons that were =<0.5 wm in
diameter. Although 32% of nodes in
Figd™"* were in this range, only ~7% of
Figd™"~ nodes were small. This is consistent
with the measurements in electron micro-
graphs, in which the percentage of myelin-
ated axons =0.5 um in diameter with
normal nodal structures was 35% in
Fig4™"* and 8% in Figd /" It is thus clear
that there is a size dependence to the dysmy-
elination seen in the CNS of Figd /~ mutant
mice. Larger fibers in the Figd ’~ optic
nerve have an increased incidence of paran-
odal and nodal irregularities, although
many smaller axons lack myelin altogether.

Increased number of slow conducting

axons in the optic nerve of Fig4 ’~ mice
To assess potential physiological altera-
tions in optic nerve function, compound
action potentials (CAPs) were recorded
from Fig4*’* and Fig4 ™'~ nerves at P22
P24. In acutely isolated Figd™* nerve
(Fig. 6A), there was a complex first peak,
usually with three components (labeled
1-3). Peaks 1-3 are not fully resolved in
these short nerves, and a very small slow
component (peak 4) is observed. Peaks
1-3 are likely obtained from myelinated
axons and peak 4 from the small fraction
of unmyelinated axons found in optic
nerves at this age. In Fig4 /" nerves, there
was a corresponding fast signal, but peak 3
was very small or absent (Fig. 6 B) and the
slow component was prominent, propa-
gating at ~0.5 m/s, corresponding to peak
4in Figd ™" optic nerve. The complex fast
signal was analyzed by fitting the data to
the sum of three Gaussians (Chen et al.,
2004). In Figure 6, C (Figd™") and D
(Fig4_/ ~), the sum of the Gaussian curves
is shown in red. In this Fig4 /" trace, only
peaks 1 and 2 are present. The peak 3 fit
had 0 amplitude in 40% of the Figd '~
nerves tested. A graph of velocities is
shown in Figure 6 E. In both Fig4™"* and
Figd™’~ optic nerve, peaks 1-3 are all >1
m/s and thus likely myelinated. Peak 4 is
~0.5 m/s and therefore likely unmyeli-
nated. Additionally, the fastest compo-
nent (peak 1) is significantly slower in
Fig4™'~ compared with Figd*/*. The dif-
ference in velocity is smaller in peak 2 and
is not seen in peak 3. This analysis, of
course, only looks at Figd /"~ peak 3 when
itis presentand ignores its amplitude. The
overall amplitude of the signal from
myelinated axons in Fig4 ™/~ mutants

dropped dramatically to ~23% of the Fig4 ™" value. The ampli-
tude of the unmyelinated peak 4 rose in Figd /™ to a value
several-fold that in Fig4*/* (Fig. 6 A, B). Absolute values of am-
plitudes have hmlted usefulness in extracellular recording, al-
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Figure7. Reduction of myelinating OLsin Fig4 "~ mice. P21 optic nerve sections of WT (Fig4 ™) and mutant (Fig4 ™) mice were stained with markers for the OL lineage. A-B’, MAG in situ
hybridization on optic nerve cross-sections and longitudinal sections. €, Quantification of MAG™* cells per optic nerve cross-sections at P21 in Fig4 ™/ (n = 4) and fig4 "~ (n = 4) mice. D-F,
qRT-PCR on P21 whole-brain RNA normalized to the TATA box binding protein Tbp shows a decrease in copy number of MAG (p = 0.0029), MBP (p = 0.0017), and PLP (p << 0.0001) in Fig4 "~
(n = 8) compared with Fig4 */* (n = 7) mice. G, 6, 0lig2 (green) immunostaining of P21 optic nerve cross-sections counterstained with Hoechst nuclear dye 33342 (blue). /, Quantification of the
mean number of Olig2 ™ cells in optic nerve of Fig4 /7 (116 = 24) and Fig4’/’ (40 = 5) mice (n = 3).J-L, AtP21,0PCs are not decreased in Fig4’/’ optic nerve or whole brain compared with
Fig4 *'* mice. J, qRT-PCR for PDGFRax of Fig4 *'* (n = 4) and Fig4 "~ (n = 4) brain revealed no significant difference (p = 0.74). H, H’, NG2 in situ hybridization on P21 optic nerve
cross-sections. K, Quantification of NG2™ cells per optic nerve cross-section at P21in Fig4 */* and Fig4 "~ mice (n = 2 mice per genotype). L, qRT-PCR for NG2 (Cspg4) of Figd ™™ (n = 4) and
Fig4~"~ (n = 4) of RNA isolated from 3-week-old brains revealed no significant difference (p = 0.96). Results are presented as the mean = SEM; *p << 0.05, Student’s t test. Scale bar: 4, 4", 50

wm; B, B’,100 um; G, G', 50 um; H, H', 80 um.

though ratios of peaks within records are highly informative. In
Figure 6 F, we plotted the ratio of the amplitude of peak 4 to that
of the overall 1-2-3 complex. The very large difference, combined
with the results shown in Figure 3, is consistent with the idea that
small fibers that are myelinated in Fig4*/* (peak 3) are unmyeli-
nated in Fig4 /" and appear now in peak 4.

As an additional test of the relation between function and
structure, we computed predicted action potential conduction
based on g-ratios measured from electron micrographs (Hines
and Shrager, 1991; Shrager, 1993). For Fig4_/_ mice, we found
significant deviations from the predicted linear relationship be-
tween conduction velocity and fiber diameter (Fig. 6G). How-

ever, the measured velocity decrease in Figd /™ mice exceeded
that predicted from the thinner myelin alone, and it is thus likely
that the nodal abnormalities shown in Figure 5 also contribute to
this functional deficit. Conduction is often blocked at heminodes
(Shrager and Rubinstein, 1990), and this is likely to be responsi-
ble for the large decrease in amplitude of the component of the
CAP attributed to fast myelinated axons.

Markedly fewer myelinating OLs in Fig4 null mice

Thus far, our analysis of Fig4 mice revealed a profound CNS
myelination defect that results in faulty nerve conduction. To
assess the underlying cellular mechanisms, we assessed whether
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Figure8. OPCsarenotsignificantly reducedin the Fig4 /"~ mice. Sagittal brain sections (25 wm) of P7 WT (Fig4 ™) and mutant (Fig4 /™) pups. A-B", Double-immunofluorescence labeling
of the cerebellum with anti-MAG (green) and anti-NF-M (red). C~D", P7 cerebellar lobules labeled with anti-Olig2 (green) and Hoechst for nuclear staining (blue). The number of Olig2 * cells per
FOVin cerebellar lobules of Fig4 "/ (44 + 7,n = 3)is not significantly different from Fig4 "~ mice (39 = 6,n = 3). E-F", Pons of P7 pups stained with CC1 antibody to visualize postmitotic OLs
(green) and double stained with anti-activated caspase-3 (red) to assess cell death. Few cells with activated caspase-3 were detected in the pons, and these cells did not overlap with CC1 ™ OLs. Note
that the number of CC1-labeled cells in the Fig4 /™ pons s decreased by 46 = 9% compared with age-matched WT controls. p < 0.01, Student's t test. G-H", At P7, before the onset of forebrain
myelination, the number of Olig2 * cells (red) within the corpus callosum per FOV is not significantly different between Fig4 ™" (167 = 15,n = 3)and Fig4—/~ (152 = 10, n = 3) mice. At this
age, many p62-positive cells (green) are observed in the corpus callosum of Fig4 "~ but not Fig4 /" pups. Double immunofluorescence revealed no overlap between p62- and Olig2-positive cells
in the corpus callosum. Sections were counterstained with Hoechst nuclear dye 33342 (blue). Cell counts are presented as the mean == SEM. Scale bars: A-B", (=D, G-H", 60 m; E-F", 30 pm.

Fig4 dysmyelination is a reflection of a decreased number of my-
elinating OLs. P21 cross-sections and longitudinal sections of
optic nerves of Figd ™/ and Figd ™'~ mice were subjected to in situ
hybridization with a riboprobe specific for MAG mRNA to visu-
alize postmitotic myelinating OLs (Fig. 7A-B’). In Fig4™/'*
nerves, the MAG™ OLs exhibit longitudinally ordered arrange-
ment parallel to axons. In Figd '~ nerves, fewer MAG™ OLs are
detected, and the cells stand in isolation and do not show the
chain-like organization typically observed in the Fig4 ™" optic
nerve. Quantification of MAG"* OLs in P21 optic nerve tissue
sections revealed that the number of myelinating OLs is reduced
by 66 *+ 6% (Fig. 7C). The decrease in myelinating OLs fits nicely
with the biochemical data showing a marked reduction of the
myelin proteins MBP, PLP, and MAG in Fig4 /" brain at P21
(Fig. 1G). As in the optic nerve, the corpus callosum of 3-week-
old Figd4 '~ mice contains significantly fewer MAG" OLs com-
pared with age-matched controls (data not shown). Consistent
with a reduced number of myelinating OLs, qRT-PCR on
Fig4~~ brain RNA revealed a significant decrease in abundance
of MAG, MBP, and PLP transcripts at P21 (Fig. 7D-F). In white
matter, the transcription factor Olig2 predominantly labels nu-
clei in the OL lineage, including premyelinating and myelinating
OLs (Dimou et al., 2008). At P21, the optic nerve of Fig4_/_
mutant mice shows a 60 * 4% decrease in Olig2 * cells (Fig.
7G,G’,I). Together with the reduced MBP immunoreactivity in

multiple brain regions and the spinal cord (Fig. 1), these data
demonstrate that loss of Fig4 results in a significant reduction of
myelinating OLs throughout the CNS.

Normal generation and distribution of OPCs in Fig4 /~ mice
Failure in the OL lineage to produce sufficient numbers of my-
elinating MAG™ OLs may be a reflection of insufficient numbers
of OPCs, impaired cell migration, arrest in OL maturation, or cell
death (Barres and Raff, 1994; Bradl and Lassmann, 2010). To
examine these possibilities, OPCs were labeled at different devel-
opmental stages. At P21, in situ hybridization with a riboprobe
specific for the OPC marker chondroitin sulfate proteoglycan
NG2 did not reveal any reduction in NG2™ cells in the optic nerve
(Fig. 7H,H',K). To independently assess expression of early OL
lineage markers, we performed qRT-PCR on total RNA isolated
from P21 brain. Consistent with our histochemical experiments,
transcripts for PDGFRa and NG2 in Fig4 WT and mutant brains
are present at comparable levels (Fig. 7J,L). Collectively, these
data suggest that generation, migration, and viability of OPCs is
essentially normal in Figd ™/~ mice.

Cell death in the OL lineage is not elevated in Fig4 ’~ mice

At P7 in the mouse, fibers in the brainstem, pons, and base of the
cerebellum are immunopositive for MAG. At this age, MAG or
MBP immunoreactivity in not yet detected in the corpus callo-
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16 -

Neuron-specific expression of Fig4 is sufficient to rescue the Fig4 —/~ myelination defect in vivo. Ultrastructural analysis of optic nerve cross-sections of Fig4 ™" (A, A") and Figd "~

(B, B’) mice and transgenic Fig4 ", TgN1mice (€, €’). D, Quantification of the fraction of myelinated optic nerve axons revealed greatly enhanced myelination in Fig4 ", TgN 1 mice (85 = 12%)
compared with Fig4 /™ mice (27 = 2%). The percentile of myelinated axons in the Fig4 /~,TgN7 optic nerve is similar to Fig4 ™ mice (92 = 2%). E, Western blot analysis of whole-brain
extracts of P25 fig4 */* (lane 1), Fig4 /" (lane 2), and Fig4 "~ TgN1 (lane 3) mice shows that neuronal expression of WT Fig4 on a Fig4 null background is sufficient to restore MBP expression to
WT levels. Anti-MBP recognizes four bands between ~17 and 27 kDa. Anti-GAPDH is shown as loading control. Results are presented as the mean == SEM; *p << 0.01, Student’s t test. Scale bar: A-C,

1 um;A'=C',03 pm.

sum, cerebellar lobules, or optic nerve, indicating that myelina-
tion in these structures has not yet started (Fig. 8 and data not
shown). At P7, the base of the cerebellum harbors numerous
MAG ™ OLs that overlap with NF-M * fibers (Fig. 8 A—A"). Lit-
termate Figd ™'~ pups show very few MAG * OLs at the base of the
cerebellum (Fig. 8 B--B"). The reduction in myelination in
Figd~’~ is likely not secondary to axonal loss, because NE-M
staining was comparable between Figd WT and mutant pups (Fig.
8A',B’). Before onset of CNS myelination, anti-Olig2 staining
allows visualization of premyelinating OLs. At P7, the density of
Olig2 * cells in cerebellar lobules (Fig. 8C--D”") and the corpus
callosum (Fig. 8G-H") are comparable between Figd*’* and
Figd~’~ pups, indicating that premyelinating OLs are not re-
duced in number and show normal CNS distribution. Further-
more, cell death appears not to be substantially increased in the

OL lineage. Anti-activated caspase-3 labels few cells in P7 brain-
stem sections independent of Fig4 genotype. To assess whether
cell death in the OL lineage is increased in Fig4 /" pups, P7
Figd™’* and Fig4™’~ brains were stained with anti-activated
caspase-3 and CCl1, an antibody that recognizes the cell body of
postmitotic OLs. In mutant pups, the number of CCl-positive
cells in the pons and brainstem is reduced by 46 = 9% (n = 3).
Double-immunofluorescence labeling revealed no overlap be-
tween CCI and activated caspase-3-labeled cells in either geno-
type (Fig. 8E-F"). This suggests that, at P7, cell death of
postmitotic OLs is not increased in Fig4 /~ mice (Fig. 8 E-F").
p62/SQSTM1 binds polyubiquitinated protein substrates des-
tined for autophagic degradation. We previously showed that p62
accumulates in astrocytes and to a lesser extent in neurons of
Figd~’" brains, suggesting that autophagy is impaired in these
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Remarkably, analysis of optic nerve my-
elination of Figd /~,TgN1and Figd '~ ,TgN3

CAl
A_

lines revealed that neuron-specific expres-
c sion of Fig4 is sufficient to rescue the myeli-
nation defects and tremor observed in
Figd "~ mice (Fig. 9A-C" and data not
shown). The fraction of myelinated axons in
the optic nerve increases from 27 = 2% in
Figd™’" mice to 85 = 12% (Figd '~ ,TgN1)
and 89 = 5% (Figd '~,TgN3), which is
comparable with WT (90 = 2%) mice (Fig.
9D). Thus, in two independent mouse lines,

Fig4 mRNA

neuron-specific expression of Fig4 is suffi-
cient to rescue the hypomyelination defects

merge

Fig4 -/-, TgN1

Figure 10.  Fig4~/~,TgN1 transgenic mice express Fig4 in neurons but not OLs. A—C, Cross-sections of P21 neocortex of WT
, NSE-transgenic mice crossed onto a Fig4 - background (Fig4 - ~,TgNT1), and Fig4 null (Fig4’/ ~) mice were
hybridized with a digoxigenin-labeled cRNA probe specific for Fig4. In Figd ™/ sections, there is weak labeling in the neocortex
and robust staining of hippocampal CA1 pyramidal neurons. Inthe Fig4 ", TgN7 mice, there are many strongly labeled cells in the
neocortex and intense labeling of CA1 pyramidal neurons. In Fig4 "~ null mice, there is degeneration in the neocortex (asterisk)
and no hybridization signal. D-D”, Low-magnification images of the corpus callosum (cc) of Fig4 /", TgN1 brain stained for Fig4
transcript and 0lig2 protein. Note in D", showing merged Fig4 and Olig2 labeling, the Fig4 hybridization signal is shown in red.
E-E" Highermagpification ofthe corpus callosum demonstrates primarily non-overlapping labeling of Olig2 and Figdin Fig4 T 1 brain. Scale

mice (Fig4 ™' ™)

bar: A-C, 100 um; D-D", 64 um; E-E”, 20 pm.

cells (Ferguson et al., 2009). Here we expand on these observa-
tions by showing that p62 does not accumulate in Olig2 ™ cells in
the corpus callosum of P7 Figd™’~ pups (Fig. 8G-H'). Together,
these observations indicate that OPCs are present at normal
numbers and distribution in Fig4 /~ mutants. Coupled with the
finding that fewer postmitotic OLs are present in the CNS and cell
death is not increased, this suggests that loss of Fig4 causes an
arrest in OL maturation.

Neuron-specific expression of transgenic Fig4 is sufficient to
rescue the CNS myelination defects in Fig4 null mutants

Fig4 is broadly expressed in the developing and adult nervous
system. To determine the cell specificity of Fig4 expression re-
quired for rescue of myelination, we examined transgenic mice
that express WT Fig4 under the transcriptional control of the NSE
promoter (Forss-Petter et al., 1990). Two independent transgenic
lines were established, TgN1 and TgN3. Both lines were crossed onto
a Fig4 null background to generate Figd ’~,TgN1 and Figd /
~,TgN3 mice.

observed in Fig4 null mutants. As an inde-
pendent indicator of the extent of myelina-
tion in Fig4~’~,TgN1 brain, we analyzed the
abundance of MBP. Anti-MBP Western
blot analysis of P25 brain lysates demon-
strated correction of the MBP deficiency in
Fig4™"~ mice (Fig. 9F). The level of MBP
protein in Figd~'~,TgNI mice is compara-
ble with WT mice and nicely correlates with
the rescue of the optic nerve dysmyelina-
tion. Based on the greatly increased fraction
of myelinated axons in the optic nerve and
the increased abundance of MBP in the
brain, we conclude that neuronal Fig4 is suf-
ficient to rescue the pronounced dysmyeli-
nation phenotype observed in Figd /™
mutants. Thus, arrest of OPC maturation
and myelin development in Fig4 null mu-
tants is secondary to neuronal defects, dem-
onstrating a non-cell-autonomous function
of Fig4 for proper OL development. The ef-
fect is not simply mediated by neuronal sur-
vival, because there is no reduction of the
total number of RGCs in the retina or axons
in the optic nerve of Figd /" mice (Fig.
2E,FK).

To confirm the lack of expression of the
NSE promoter Fig4 transgenes in the OL
lineage, brain sections of Figd /~,TgN1I
mice at P21 were subjected to in situ hybrid-
ization with an antisense riboprobe specific for Fig4 transcripts (Fig.
10). In WT (Fig4""") mice, weak staining was observed throughout
the brain, with somewhat stronger labeling in the caudate—putamen
and principal neurons of the hippocampus (Fig. 10A and data not
shown). No signal was detected in Fig4 /"~ mice (Fig. 10C). In Figd
~,TgN1 mice, there was robust labeling of large cells in the neocortex
and CA1 pyramidal neurons (Fig. 10 B) but few labeled cells in the
corpus callosum (Fig. 10D,E). To determine whether the labeled
cells in the corpus collosum belong to the OL lineage, sections were
double stained with anti-Olig2. Fewer than 5% of the Olig2 * cells
were also labeled with the Fig4 antisense riboprobe (Fig. 9D-E").
Thus, expression of the transgene in OLs cannot account for the
rescue of myelination described above.

Overexpression of the human variant FIG4™'" rescues CNS
hypomyelination of Fig4~’~ mice at P21

Unlike Fig4 null mice, CMT4] patients contain residual FIG4
activity from the I41T allele and are therefore less severely af-
fected than the null mice (Lenk et al., 2011). To study the func-
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tion of the human CMT4] mutation
FIG4"*'T in CNS myelination in vivo, we
examined optic nerve myelination in
transgenic mice with ubiquitous, global
expression of the I41T ¢cDNA from the
chicken B-actin promoter (Lenk et al,
2011). Expression of this human patho-
genic variant at two times the normal
transcript level (line 705) or five times the
normal transcript level (line 721) (corre-
sponding to 4 or 10% of normal protein
levels) rescued lethality, brain spongiform
degeneration, and sciatic nerve myelina-
tion of Fig4 null mice (Lenk et al., 2011).
Ultrastructural analysis of P21 optic nerve
from these two transgenic lines revealed
dose-dependent rescue of the hypomyeli-
nation phenotype as well. As shown in
Figure 11, in Fig4 /" mice, only 27 * 2%
of optic nerve axons are myelinated. The
fraction of myelinated axons is increased
to 34 * 1% in Figd /", Tg705 mice and
78 = 1% in Figd ", Tg721 mice. In
Fig4*’* controls, 94 + 4% of optic nerve
axons are myelinated (Fig. 11A--E). The
average g-ratio of myelinated axons was
0.81in Fig4 /" mice and was corrected to
0.75 in Figd "/~ ,Tg721 mice, a value indis-
tinguishable from Fig4*/* controls (0.74)
(Fig. 11 F). Importantly, small-caliber ax-
ons that are dysmyelinated in Fig4 null
mutants become myelinated in a Fig4™*'"
dose-dependent manner (Fig. 11G). The
rescue of CNS myelination defects in
Fig4""" mice was accompanied by rescue
of the tremor phenotype. Collectively,
these data demonstrate that transgenic ex-
pression of the disease allele Fig4'*'" on a
Figd~’"~ background rescues defects in
CNS myelination observed at P21 and
may explain the lack of CNS abnormali-
ties in CMT4] patients expressing this
mutation.

Fig4 -/-

Fig4 -/-Tg705+

Fig4 -/-Tg721+

Fig4 +/+

Figure 11.

Fig4*™™ Ultrastructural images of P21 optic nerve section of Fig4 null mice (Fig4 ) (A), transgenic mice expressing low levels of fig:
(line 705) on a Fig4 null background (Fig4 "~ ,Tg705) (B), transgenic mice expressing high levels of Fig4*'” (line 721) on a Fig4 null
background (Fig4 "~ ,Tg721)(C),and WT (Fig4 ™) (D) mice. E, Quantification of percentage of myelinated axons for Fig4 ™ (red,n =
4),Figd™"~ Tg705 (green,n = 3), Figd "~ ,Tg721 (yellow,n = 4),and fig4 ™" (blue,n = 4) opticnerve. F, g-ratio of myelinated axons
inP21Figd "~ (n=4),Figd '~ Tg705(n = 3),Fig4 '~ ,Tg721(n = 4),and Fig4 /"~ (n = 4) opticnerve. G, Percentile of myelinated
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optic nerve axons as a function of axon diameter. The curve for Fig4 "~ mice (red, n = 4) shows a shift toward the right compared with

Long-term effect of early
dysmyelination in Fig4 null mice

At P21, Fig4™’~ mice exhibit pronounced
CNS dysmyelination (Fig. 3). Because the
null mice rarely survive beyond 6 weeks of age, it is not possible to
test them for later completion of myelination, for example, at P90
when myelination in Figd ™" and Figd ™/~ is complete (Fig. 3). At
P21, the severity of optic nerve dysmyeliation is comparable in
Fig4 null mice and Fig4 ’~,Tg705 transgenic mice (Fig. 11). Be-
cause Figd '~ ,Tg705 transgenic mice do survive to P90, we were
able to determine whether they could recover from the dysmyeli-
nation that was observed at P21. At P90, Fig4_/ ~,Tg705 mice
continue to exhibit severe hypomyelination of the optic nerve,
with only 44 = 2% of axons myelinated (Fig. 12). The low expres-
sion of the 141T mutant protein in line 705 is thus insufficient for
completion of myelination. We conclude that loss of Fig4 function
does not simply result in a temporary delay of optic nerve myelina-
tion but is necessary for completion of myelination.

Fig '™ (blue, n = 4) control mice. Expression of a low dose of 141T, Fig4 "~ Tg705 (green, n = 4) and a high dose of 141T, Fig4 /"~
Tg721 (yellow, n = 3) reveals a 41T gene-dosage-dependent shift toward Fig4 */* (blue graph). Results are presented as the mean +
SEM; *p << 0.05, **p << 0.01, ***p << 0.001, Student’s t test. Scale bars: A-D, 1 um.

Discussion

We show that the PI(3,5)P, phosphatase Fig4 is essential for nor-
mal CNS myelination. Biochemical, ultrastructural, and electro-
physiological studies in Fig4 '~ mice provide a consistent picture
of a profound CNS myelinopathy. In the optic nerve, loss of Fig4
causes severe dysmyelination of small-caliber axons and frequent
defects at nodes of Ranvier in larger-caliber axons that cause conduc-
tion delays. Although the number and tissue distribution of OPCs is
normal in the Fig4 /" brain, the abundance of postmitotic OLs is
significantly compromised. Cell death in the OL linage is not in-
creased, suggesting that loss of Fig4 /™ leads to an arrest in OL mat-
uration. Rescue experiments with a neuron-specific Fig4 transgene
revealed a non-cell-autonomous function of Fig4 in OPC matura-
tion and proper CNS myelination, because neuron-specific expres-
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served in the optic nerve of Figd /™ mice.
Collectively, these studies show that the
structural defects observed at nodes and
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Figure12.  Rescue of lethality but not CNS hypomyelination in Fig4 ", Tg705 mice. A, B, Ultrastructural images of optic nerve
cross-sections at P90. A, In the WT (Fig4 /™) optic nerve, 84 =+ 2% axon myelination is observed. B, Transgenic fig4 "~ ,Tg705
mice express low levels of Fig4'*'"and survive beyond P90. Analysis of optic nerve cross-sections of Fig4 /", Tg705 mice revealed
that these mice fail to complete myelination by P90. Only 44 = 2% of axons are myelinated in the Fig4 /"~ ,Tg705 optic nerve at
P90. €, Quantification of the percentage of myelinated axons in the optic nerve at P90 for Figd ™" (n = 3) and Figd "~ ,Tg705
(n = 3) mice. Results are presented as the mean == SEM; **p << 0.01, Student’s ¢ test. Scale bar: 4, B, 1 um.

sion is sufficient to rescue the defects. In a transgenic mouse model
mimicking the genotype of human CMT4J patients, we found that
ubiquitous expression of the human disease allele Fig4™'" can also
rescue the CNS hypomyelination phenotype observed in Figd '~
mice. The CNS of CMT4] patients may be similarly protected by the
FIG4"'" allele. We conclude that proper regulation of neuronal
PI(3,5)P, levels by mammalian Fig4 is necessary for OL maturation

and normal CNS myelination.

Impaired propagation of action potentials in the Figd ™/~

optic nerve

Dysmyelination of the optic nerve in juvenile Fig4 /" mice re-
sults in faulty nerve conduction. CAP recordings revealed many
more slow conducting axons in mutant mice. The loss of the
contribution from the smallest group of myelinated axons and
the large increase in the signal from unmyelinated axons are both
explained by the structural studies at the light and TEM levels.
The percentage of thin myelinated axons (=0.5 wm) that con-
tribute to fast conducting axons (peak 3 in Fig. 6A) is much
decreased in Fig4 /" mutants, and many more unmyelinated
fibers are seen (peak 4 in Fig. 6 B). Furthermore, the CAP signal
that is derived from larger myelinated axons is smaller and slower
in Fig4 '~ and may be a reflection of retracted paranodal myelin
and segmental lack of myelin observed in a significant fraction of
large-caliber axons. No signs of axon remyelination were ob-

Fig4-/-, Tg705+

deficiency in optic nerve myelination in
Figd™"~ mice lead to greatly impaired
nerve conduction.

Fig4 is not necessary for OPC
development, migration, or viability
Before myelination, OL progenitors un-
dergo cell division, migration, and differen-
tiation into premyelinating OLs. In the
healthy CNS, the number of newly formed
premyelinating OLs exceeds that required
for normal myelination, and only OLs that
establish contact with axons survive (Barres
et al., 1992; Trapp et al.,, 1997). Here we
show that, in CNS white matter of Fig4_/ -
mice, there is no deficiency of OPCs. At P21,
the number of NG2™ cells in optic nerve
and the abundance of transcripts encoding
PDGFRo and NG2 in whole brain are com-
parable, independent of Fig4 genotype. Cell
death of postmitotic OLs appears not to be
elevated. These observations suggest that
“positive” signals are missing that normally
promote OPC differentiation and axon my-
elination. Alternatively, “inhibitory” signals
that block OPC differentiation and myeli-
nation may be elevated in the Fig4 /~ CNS.
As discussed below, the molecular mecha-
nisms that initiate myelination in the CNS
are complex and may depend on both posi-
tive signals (Park et al., 2008; Camara et al.,
2009; Emery et al., 2009) and release of in-
hibitory signals (Charles et al., 2000; Mi et
al., 2005; Kremeretal.,2011; Mietal.,2011).

Neuronal expression of Fig4 is sufficient for proper

CNS myelination

Fig4 is broadly expressed in the CNS and not limited to myelinating
glia. The importance of Fig4 in non-myelinating cells is underscored
by the brain pathology observed before onset of myelin development
(Ferguson et al., 2009). In the forebrain, for example, large numbers
of hypertrophic astrocytes are observed at P7, a developmental stage
when CNS myelination has not yet started. At the same age, p62 and
LAMP?2 are elevated in reactive astrocytes and neurons. To address
the cell autonomy of Fig4 /~ defects, we generated transgenic mice
that selectively express WT Fig4 in neurons. Remarkably, neuron-
specific expression of Figd on a Figd /™ background is sufficient to
rescue the optic nerve dysmyelination phenotype. Anatomical
and biochemical studies revealed a virtually complete rescue
of the myelination defects. We conclude that defects in OPCs
maturation and CNS myelination in Fig4 /~ mice are caused
by indirect, non-OL-autonomous effects of Fig4.

How does neuronal Figd affect OPC differentiation and CNS
myelination? One of the key functions of PI(3,5)P2 is in fragmenta-
tion/fission of endolysosomes into smaller compartments (Ho et al.,
2011). Endosome-lysosome membrane trafficking and autophagy
are the cellular processes most affected by mutations in Fig4 (Chow
et al., 2007; Ferguson et al., 2009). Impaired vesicular trafficking
along the endo-lysosomal axis or impaired lysosomal function is
emerging as a common underlying mechanism for a growing num-
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ber of hereditary disorders that cause CNS dysmyelination (Karten
etal.,2009; Liao et al., 2009; Prolo et al., 2009; Schweitzer et al., 2009).
We speculate that altered levels of PI(3,5)P, in the Figd /~ CNS
either leads to a decrease in neuronal signals that promote OPC
differentiation and axon ensheathment or an increase in sig-
nal(s) that suppress OPC differentiation. Several “direct” and
“indirect” mechanisms that influence OPC differentiation and
myelin development have been described (Kremer et al., 2011).
One direct effect of neurons on OPC differentiation is mediated
by axonal Jaggedl. OPCs express the Notch receptor, and its
activation by Jagged1 inhibits their differentiation (Wang et al.,
1998). Neuronal electrical activity can influence myelination
(Demerens et al., 1996). Mechanistic studies revealed that elec-
trical activity induces the release of ATP from axons, which acts in
a paracrine manner on astrocytes to release the cytokine LIF (leu-
kemia inhibitory factor). LIF then stimulates premyelinating OLs
to myelinate axons (Ishibashi et al., 2006). More recently, release
of glutamate from synaptic vesicles along axons has been shown
to control axo-glial signaling and induce myelination in OPC
processes associated with axons (Wake et al., 2011). Mounting
evidence suggests that astrocytes secrete numerous factors that
promote OPC maturation and the rate of myelin ensheathment
(Sorensen et al., 2008; Watkins et al., 2008; Gadea et al., 2009;
Moore et al., 2011). Loss of neuronal Figd may indirectly affect
astrocyte function, which then leads to impaired myelination.
Additional studies are needed to identify the molecular mecha-
nism(s) by which neuronal loss of FIG4 leads to impaired CNS
myelinogenesis in vivo.

Abnormal CNS myelination in Fig4*/~ heterozygous mice
ALS patients heterozygous for FIG4 null alleles (FIG4*/~) have been
identified (Chow et al., 2009), but other heterozygous FIG4"/~
individuals appear to be unaffected and lack neurological symp-
toms (Chow et al., 2007; Zhang et al., 2008; Nicholson et al.,
2011). At the gross anatomical level, heterozygous Fig4*'~ mice
are indistinguishable from age-matched Fig4 ™" controls. How-
ever, we have identified a developmental delay of optic nerve
myelination in Figd "/~ mice at P21 that is resolved by P90, indicat-
ing that one copy of WT Fig4 may be insufficient for proper timing of
CNS myelination. This is the first functional deficit identified in
Figd™'~ heterozygous mice. A similar insufficiency in human
heterozygotes could act as a risk factor for development of late-onset
neurological disease.

The disease allele FIG4"*'" can rescue CNS myelination in a
dose-dependent manner

Unlike Fig4 null mice, CMT4] patients contain residual FIG4
activity from their I41T allele and are therefore less severely af-
fected than the null mice (Chow et al., 2007; Lenk et al., 2011). In
a recent study of patients with CMT4]J, four patients were exam-
ined by brain MRI with no evidence of myelination defects, and
one patient (A6) had MRI evidence of abnormal white matter
(Nicholson et al., 2011, their supplement). Clinical examination
of CMT4J patients revealed no cognitive dysfunction or upper
motoneuron signs (Zhang et al., 2008; Nicholson et al., 2011).
FIG4"7 is catalytically active (Ikonomov et al., 2010) but fails to
interact with the scaffold protein Vacl4 and, as a result, is rapidly
degraded via the proteasome (Lenk et al., 2011). Additional
mechanistic studies will be needed to elucidate why the mutant
protein Figd"*'" is sufficient to protect the CNS in CMT4J pa-
tients but fails to protect the PNS. Other mutations in the FIG4
gene have been identified, and it is possible that some of them
contribute to hypomyelination in other human disorders.

Winters et al. e Optic Nerve Dysmyelination in Fig4 Mutant Mice

In summary, we have demonstrated for the first time that Fig4 is
required for normal CNS myelination and that neuron-specific ex-
pression can provide this essential function. With regards to the
pathophysiology of CMT4]J patients, we demonstrate that global
transgenic expression of the Figd™'” transcript at five times the WT
level rescues the CNS hypomyelination phenotype of Figd /"~ mice.
These studies reveal that loss of the PI(3,5)P, phosphatase Fig4 leads
to an arrest of OPC differentiation and failure of the OL lineage to
produce sufficient numbers of postmitotic OLs. This causes pro-
found CNS dysmyelination, tremor, and impaired propagation of
action potentials in Fig4 null mice. Patients with CMT4] disease, and
transgenic mice expressing the pathogenic allele FIG4"*'", are pro-
tected from CNS dysmyelination by a low level of Fig4 function from
the mutant allele. Fig4 mouse models developed here may provide
new opportunities to study molecular mechanisms of OL matura-
tion and CNS myelination in vivo.
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