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Abstract
The lipid phosphatase FIG4 is a subunit of the protein complex that regulates biosynthesis of the signaling lipid PI(3,5)P2.
Mutations of FIG4 result in juvenile lethality and spongiform neurodegeneration in the mouse, and are responsible for the
human disorders Charcot–Marie–Tooth disease, Yunis–Varon syndrome and polymicrogyria with seizures. We previously
demonstrated that conditional expression of a wild-type FIG4 transgene in neurons is sufficient to rescue most of the
abnormalities of Fig4 null mice, including juvenile lethality and extensive neurodegeneration. To evaluate the contribution of
the phosphatase activity to the in vivo functionof Fig4, we introduced themutation p.Cys486Ser into the Sac phosphatase active-
sitemotif CX5RT. Transfection of the Fig4Cys486Ser cDNA into cultured Fig4−/−fibroblastswas effective in preventing vacuolization.
The neuronal expression of an NSE-Fig4Cys486Ser transgene in vivo prevented the neonatal neurodegeneration and juvenile
lethality seen in Fig4 null mice. These observations demonstrate that the catalytically inactive FIG4 protein provides significant
function, possibly by stabilization of the PI(3,5)P2 biosynthetic complex and/or localization of the complex to endolysosomal
vesicles. Despite this partial rescue, later in life the NSE-Fig4Cys486Ser transgenic mice display significant abnormalities that
include hydrocephalus, defective myelination and reduced lifespan. The late onset phenotype of the NSE-Fig4Cys486Ser

transgenic mice demonstrates that the phosphatase activity of FIG4 has an essential role in vivo.

Introduction

FIG4 encodes a lipid phosphatase that regulates biogenesis of the
signaling lipid PI(3,5)P2 (1–4). The important role of FIG4 in the
mammalian nervous system was first indicated by the spongi-
form degeneration of the brain and peripheral nervous system
(PNS) caused by a loss of function mutation of Fig4 in the plt
mouse (5). A similar phenotype results frommutation of the asso-
ciated protein VAC14 (6). FIG4 is localized on the cytoplasmic sur-
face of endolysosomal vesicles in a complex that also includes the
scaffold protein VAC14 and the PI(3)P kinase PIKFYVE (6–8). The
close association between the kinase that generates PI(3,5)P2

from PI3P and the phosphatase that removes the 5-phosphate
results in transient, spatially localized production of PI(3,5)P2
that is thought to regulate vesicle fusion and trafficking events.

In addition to its phosphatase activity toward the substrate PI
(3,5)P2 (9), there is evidence that the FIG4 protein can stabilize the
PI(3,5)P2 biosynthetic complex and contribute to localization at
the surface of endolysosomal vesicles. Deletion of yeast FIG4 im-
pairs the localization of VAC14 and PIKFYVE to the vacuole sur-
face (6,9). The phosphatase-inactive yeast mutant fig4-1 (9)
stabilizes the association of VAC14 and PIKFYVE (7). Mammalian
FIG4 protein is destabilized in mutant mice lacking VAC14 (10),
although VAC14 and PIKFYVE proteins are stable in mice lacking
FIG4 (10,11). The human patient mutation p.Ile41Thr impairs
interaction of FIG4 with VAC14 resulting in destabilization of
the FIG4 protein (10). Thus the lethal phenotype of Fig4 null mice,
which lack FIG4 protein, could result either from loss of FIG4 en-
zymatic activity or from loss of its stabilization functions, which
indirectly impair the biosynthesis of PI(3,5)P2. To distinguish
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between these functions, we generated a mutant FIG4 with an
active-site mutation that produces a stable FIG4 protein lacking
catalytic activity. We evaluated the ability of this mutant to res-
cue cellular vacuolization and survival of the Fig4 null mouse.

Fig4 is a member of the Sac phosphatase family that contains
the active-site motif CX5RT/S (12–17). The cysteine residue of the
CX5RT/S motif participates in SN2 nucleophilic attack on the
phosphate group of the substrate (18). Replacement of the ac-
tive-site cysteine by serine inactivates enzymes of this class by
preventing formation of a thiol-phosphate intermediate (19,20).
Cysteine-to-serine mutations resulted in complete inactivation
of the lipid phosphatases MTMR2 and SAC1, whose active sites
are closely related to FIG4 (20,21). Cysteine-to-serine mutations
of theCX5RT/Smotif also inactivateprotein tyrosinephosphatases
(22–26) and dual substrate phosphatases (19,27,28). Most recently,
themutationp.Cys450Serwasused to inactivate fig4 inDrosophila
(Bharadwaj and Lloyd, HMG co-submitted manuscript).

We generated the active-site mutation p.Cys486Ser in FIG4
and examined the effect in Fig4-deficient cells andmice. The par-
tial rescue of the Fig4null phenotype by the active-sitemutant in-
dicates that mammalian FIG4 has both phosphatase-dependent
and phosphatase-independent roles that are essential in vivo.

Results
Fig4 with an active-site mutation rescues vacuolization
of Fig4−/−

fibroblasts

Fig4−/− fibroblasts accumulate large, cytoplasmic, fluid-filled
vesicles derived from the endosome/lysosome pathway (5)
(Fig. 1A). Transfection of wild-type Fig4 cDNA rescues vacuoliza-
tion of null fibroblasts (Fig. 1B), and pathogenic mutations impair
rescue (29,30). We introduced the p.Cys486Ser active-site muta-
tion into the Fig4 cDNA (Fig. 1D and E). Primary fibroblasts cul-
tured from Fig4−/− mice were transfected with the mutant and

wild-type cDNA. The mutant cDNA was as effective as wild-
type in correcting vacuolization of cultured cells, with >80% of
null cells lacking vacuoles (Fig. 1C and F).

Generation of transgenic mice with neuronal expression
of mutant Fig4

To examine the role of the mutant protein in vivo, the FIG4-
Cys486Ser mutant cDNA was cloned downstream of the 4 kb
NSE (neuron-specific enolase) fragment that we previously used
for the expression of wild-type Fig4 (Fig. 2A) (32). The linearized
cDNA construct was microinjected into fertilized eggs and foun-
ders carrying the transgene were identified by amplification of
genomic DNA with transgene-specific primers (Fig. 2B). The
transgene was transmitted through the germline to offspring in
a cross between transgenic founders and Fig4+/− heterozygous
null mice.

To determine whether the transgene was expressed in the
Fig4+/+,Tg+ offspring, brain RNAwas prepared and the transgene
transcript was amplified with a forward primer in the NSE non-
coding exon and a reverse primer in exon 2 of Fig4. These primers
span an intron, permitting distinction between spliced tran-
scripts and genomic DNA. Expression of spliced transcript was
detected in brain (Fig. 2C), but not in other tissues of mice from
line 415. This expression pattern continued through adulthood
and is consistent with the predicted neuronal specificity of the
NSE promoter. Fig4+/−,Tg+ mice were crossed with Fig4+/− mice
to generate Fig4−/−,Tg+mice that are predicted to expressmutant
FIG4 in the absence of wild-type FIG4. Expression of Fig4 protein
was detected by western blotting in brain of Fig4−/−,Tg+ mice
(Fig. 2D). The expression of FIG4 protein in the mutant is
45 ± 5% of endogenous wild-type expression (n = 3) (Supplemen-
tary Material, Fig. S1). Expression of the transgene transcript
was quantitated by qRT-polymerase chain reaction (PCR) on
brain RNA from three Fig4−/−,Tg+ mice and three wild-type

Figure 1. Rescue of cell vacuolization by the Fig4 cDNAwith an active-sitemutation. (A) Vacuolated Fig4−/− fibroblasts in culture. (B) Representative cell after transfection of

wild-type Fig4 cDNA. (C) Representative cell after transfection of Fig4Cys486Ser cDNA. (D) The structure of mutant Fig4 cDNA construct with chicken β-actin promoter. (E)
Sanger sequence chromatogramof codon 486 fromwild-type (TGT) andmutant (TCT) cDNAs. (F) Quantitation of rescue of vacuolization bywild-type Fig4 cDNA and cDNA

containing the active-site mutation p.Cys486Ser. The number of vacuolated cells and total cells counted are indicated.
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mice. Expression of the transgene mRNA was 29% of the en-
dogenous level (ΔΔCT = 1.8) (Fig. 2E).

Rescue of postnatal growth and juvenile lethality by the
mutant transgene

Fig4+/−,Tg+ mice were crossed with heterozygous Fig4+/− mice,
and offspring were genotyped at 14 days of age. Twenty-five per-
cent of offspring had the genotype Fig4−/− (31/115) and 50% of
these carried the transgene (16/31), consistent with Mendelian
predictions. The early growth impairment of Fig4−/− mice was al-
most completely rescued by the expression of the mutant trans-
gene (Fig. 3A). The growth of these transgenic mice was
comparable to previously described transgenic mice expressing
wild-type Fig4 from the same promoter (32). At 30 days of age,
Fig4−/−,Tg+ mice did not display the characteristic muscle wast-
ing and small size observed for Fig4−/−mice (Fig. 3B). The juvenile
lethality of Fig4−/− mice was also rescued by the mutant trans-
gene (Fig. 3C). Themean survival of the control Fig4−/− non-trans-
genic littermates was 37 ± 11 days (n = 15), and none lived beyond
2 months of age. In contrast, 36/38 Fig4−/−,Tg+ mice expressing
the mutant transgene survived beyond 2 months of age (Fig. 3C).

Rescue of spongiform degeneration by the Fig4Cys486Ser

transgene

Fig4−/−nullmice exhibit spongiformdegeneration in brain, spinal
cord and dorsal root ganglia, with greatest severity in cortical
layers 5 and 6, deep cerebellar nucleus, thalamus and dorsal

root ganglia (5,10,32). To determinewhether the p.Cys486Sermu-
tant protein could rescue these neurological phenotypes, we ex-
amined brain and dorsal root ganglia of Fig4−/−,Tg+ mice by light
microscopy. At 4 weeks of age, the profound neurodegeneration
seen in control non-transgenic littermates was not seen in mice
expressing the Fig4Cys486Ser transgene (Fig. 3D). The extent of res-
cue by the mutant Fig4 was comparable to that described previ-
ously for the NSE-Fig4WT transgene (32).

Adult-onset phenotypes in Fig4−/−,TgCys486Ser mice

Although juvenile phenotypes were essentially rescued by the
mutant transgene, adult Fig4−/−,TgCys486Ser mice exhibited re-
duced lifespan, with only 50% of mice surviving beyond 5
months of age (Fig. 4A). Expression of the transgene is main-
tained through 8 months of age (Fig. 4E). The reduced survival
is in contrast to the long-term survival of mice expressing the
wild-type NSE-Fig4WT transgene (Fig. 4A). Fig4−/−,TgCys486Ser

adult mice were also smaller than wild-type littermates or
Fig4−/−,TgWT mice (Fig. 4B). As they age, Fig4−/−,TgCys486Ser mice
develop a hunched posture and domed head (Fig. 4C and Sup-
plementary Material, Video). Dissection of the brain revealed
enlarged ventricles and compression of cerebellar and cortical
tissue that is indicative of high-pressure hydrocephalus
(Fig. 4D). Hydrocephalus has been observed in Fig4 null mice
(10) and patients with Yunis–Varon syndrome, who are also
FIG4−/− (29,33,34).

Fig4−/− mice have a diluted coat color due to clumping of mel-
anosomes in the hair shaft (5). The NSE promoter is expressed in

Figure 2. Neuronal expression of the p.Cys486Ser Fig4 cDNA transgene. (A) The structure of the neuron-specific NSE transgene, with positions of PCR primers used for

genotyping and RT-PCR. (B) Genotyping of mouse genomic DNA; control = Vac14 (6). (C) RT-PCR of brain RNA from transgenic and wild-type mice; control = Scn8a (31).

(D) Western blot probed with monoclonal anti-FIG4 antibody; control = α-tubulin (32). The expression of FIG4 protein in the mutant is 45 ± 5% of endogenous wild-type

expression (Image J statistics; Supplementary Material, Fig. S1). (E) Quantitation of brain RNA by qRT-PCR using a TaqMan gene expression assay.
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Figure 3. Rescue of neurodegeneration, impaired growth and juvenile lethality by the Fig4Cys486Ser transgene. (A) Mice of the indicated genotypeswereweighted daily from

birth. (B) Rescue of body size at P35 by the mutant transgene. (C) Kaplan–Meier plot of survival for Fig4 null mice with and without the transgene. Open circles, currently

surviving transgenic mice. (D) Rescue of neurodegeneration in CNS and PNS. Sections of brain and dorsal root ganglion were prepared at P30 from Fig4−/−, Tg+ and Fig4−/−

littermates and stained with hematoxylin/eosin. The extensive in vivo vacuolization in the Fig4−/− null tissues is corrected by the mutant transgene.

Figure 4. Shortened lifespan, hydrocephalus, and pigmentation defect in Fig4−/−,TgCys486Ser transgenic mice. (A) Reduced lifespan of transgenic mice carrying the

mutant transgene. (B) Reduced body weight of Fig4−/− mice carrying the TgCys486Ser transgene at 2–3 months of age. (C) Diluted pigmentation in Fig4−/− transgenic

mouse carrying Tg-C486 (red marker on tail) compared with corrected pigmentation in mouse carrying the wild-type Fig4 transgene (blue tail). (D) The saggital

section of brains from Fig4−/− transgenic mice expressing mutant or wild-type FIG4 transgenes. H&E staining. (E) The expression of the mutant transgene in brain is

maintained at 8 months of age (RT-PCR).
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melanocytes in addition to neurons, and we showed previously
that the NSE-Fig4WT transgene rescues the coat color dilution of
Fig4 null mice (32). However, coat color was not restored in mice
expressing the Fig4Cys486Ser transgene, whose diluted pigmenta-
tion mimics the Fig4−/− mouse (Fig. 4D).

Thus, the non-catalytic functions of FIG4 rescue some but not
all of the abnormal phenotypes of the Fig4−/− null mouse.

Impaired myelination in Fig4−/−,TgCys486Ser mice

Myelination is defective in the central nervous system (CNS) and
PNS of Fig4 null mice (5,34). Myelination is restored by expression
of the NSE-Fig4WT transgene, which is expressed in neurons but
not expressed in oligodendrocytes (32,35). To determinewhether
the TgCys486Ser transgene can restore CNS myelination, we exam-
ined the abundance of myelin proteins in brain membranes of
Fig4−/−,TgCys486Ser mice at P21, an age when neurons appear fully
rescued (Fig. 3D). The abundance of myelin-associated glycopro-
tein (MAG), myelin basic protein (MBP) and proteolipid protein
(PLP) was reduced to <50% of wild-type levels in the Fig4−/−,
TgCys486Ser mice (Fig. 5A and B).

To determinewhether this reduced expression of myelin pro-
teins results in a functional deficit in the Fig4−/−,TgCys486Ser trans-
genic mice, we measured nerve conduction in acutely isolated
optic nerves. In Fig4−/− mice, compound action potentials
(CAPs) reveal a dramatic reduction in the population of fast con-
ducting fibers and a corresponding increase in the proportion of
slowly conducting (non-myelinated) fibers in the optic nerve (35).
This defect is corrected by the wild-type NSE-Fig4 transgene,
which restores the normal CAP pattern seen in wild-type mice
(Fig. 5E and F) (35). In contrast, the active-site mutated TgCys486Ser

did not restore the normal CAP phenotype (Fig. 5G). As a result,
the ratio of slow-amplitude (non-myelinated) to fast-amplitude
(myelinated) conduction is much higher in mice expressing the
mutant transgene (Fig. 5H), demonstrating the functional defect
associated with impaired myelination of the optic nerve. Neur-
onal regulation of myelination in this system is thus dependent
upon FIG4 catalytic activity.

Discussion
Genetic mutations affecting the generation of PI(3,5)P2, PI(4,5)P2
and PI(5)P are all deleterious to the nervous system. The work
reported here provides additional support for the essential
role of FIG4 in mammalian brain. Neuronal expression of Fig4
is necessary and sufficient for protection against spongiform
neurodegeneration (32). We have found that this function can
be provided by FIG4 protein containing an active-site mutation.
The significant phenotypic rescue by the mutant protein indi-
cates that non-catalytic functions of FIG4 are important in
vivo. The stabilization of the PI(3,5)P2 biosynthetic complex by
catalytically inactive FIG4 has been described in yeast (7,9),
and a similar role could account for the function of catalytically
inactive mammalian FIG4. By stabilizing the biosynthetic com-
plex, the PI(3,5)P2 deficiency of Fig4 null cells may be partially
ameliorated.

It is notable that a functional role for the catalytically inactive
Drosophila fig4 has recently been described. Expression of the p.
Cys450Ser active-site mutant was sufficient to rescue the exten-
sive vacuolization of larval muscle in the fig4 null fly (Bharadwaj
and Lloyd, HMG manuscript co-submitted). Thus in model sys-
tems including yeast, invertebrate and mouse, mutation of the
active site does not completely abolish the biological activity of
Fig4.

An example of the stabilization of a related enzyme by an in-
active phosphatase is provided by the MTMR gene family, which
dephosphorylates the third position of PI3P and PI(3,5)P2. Among
the 14 MTMR paralogs in mammalian genomes, six have lost
phosphatase activity (36). Mutations of either the catalytically ac-
tiveMTMR2 or the catalytically inactiveMTMR13 can cause reces-
sively inherited Charcot–Marie–Tooth disease type 4B (36).
MTMR2 and MTMR13 interact directly on the membrane of the
endolysosomal system (21,37), with MTMR13 acting as a scaffold
to stabilize the activity of MTMR2.

In older mice, the essential role of the phosphatase activity of
FIG4 becomes evident, as the catalytically inactive transgene
does not rescue long-term survival. Myelination in particular is

Figure 5. Impaired myelination and nerve conduction in Fig4−/−,TgCys486Ser transgenic mice. (A) Western blot of brain membrane proteins isolated at P21 and probed with

antibodies to the myelin proteins MAG, MBP and PLP and the neuronal marker class III β-tubulin. (B–D) Quantitation of western blots normalized to βIII Tub. Results are

shownasmeanvalue ± SEM, unpaired two-tailed Student’s t-test. *P < 0.03, ** < 0.01. (E–G) Representative traces of CAPs recorded at P21 reveal an increase in the population

of slow conducting (non-myelinated) fibers (arrows) in optic nerve from Fig4−/−,Tg-Cys486Ser mice. (H) The amplitude ratio for slow conducting to fast conducting peaks

identified in E–G. Results are shown as mean value ± SEM, unpaired Student’s t-test. ****P < 0.0001.
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not rescued even in youngmice, and the transgenicmice develop
severe hydrocephalus like the uncorrected null mice.

The level of expression of the mutant protein is ∼45% of en-
dogenous Fig4protein (SupplementaryMaterial, Fig. S1). For com-
parison, heterozygous Fig4+/− mice expressing 50% of wild-type
protein level are unaffected (5), and transgenic mice expressing
Fig4-I41T at 10% of wild-type protein level are unaffected (10).
Thus, the level of expression of Cys486Ser protein is unlikely to
be responsible for the incomplete rescue of late onset phenotypes.

Cysteine to serine mutations of the CX5RT/S phosphatase
motif have been widely used to eliminate enzymatic activity
(19–28). We were unable to directly evaluate the activity of the
FIG4-Cys486Sermutant because of the instability of recombinant
FIG4 protein and the difficulty of purifying the protein from
mammalian cells. Quantitation of the impact of the mutation
on the cellular abundance of PI(3,5)P2 and PI5P would provide
additional insight into the phenotype of the mutant mice de-
scribed here.

Mutations of Fig4 and the scaffold protein Vac14 are proposed
to reduce synaptic activity of neurons via altered post-synaptic
trafficking of AMPA receptors between endosomes and the sur-
face of dendritic spines (38). Pharmacological inhibition of PIK-
fyve also reduces synaptic strength (39). Protein effectors of PI
(3,5)P2 that could mediate these synaptic effects include WD40
domain proteins, sorting nexins and class II formins (4). The lyso-
somal cation channels TRPML1, TPC1 and TPC2 are also directly
regulated by PI(3,5)P2 (40–42). Reduced activity of the lysosomal
cation channels secondary to reduced PI(3,5)P2 could lead to
osmotic enlargement of the lysosome compartment that may
underlie vacuolization of Fig4 null cells (43). In support of this
model, rescue of vacuolization by overexpression of TRPML1
has been reported in Vac14 and Fig4mutant cells (40,44). Similar-
ly, mutation of drosophila TRPML1 generates amuscle vacuoliza-
tion phenotype similar to that of the FIG4-deficient mutant
(Bharadwaj and Lloyd, HMG manuscript co-submitted).

The work described here demonstrates that the defects lead-
ing to juvenile lethality of the Fig4 null mouse are substantially
rescued by the Fig4Cys486Ser protein. Nonetheless, survival of
adult mice was greatly impaired. Thus, both catalytic and non-
catalytic roles of FIG4 are essential. The mechanisms underlying
the catalytic and non-catalytic functions of FIG4 remain to be
fully understood. The mouse model described here will be a use-
ful system to better understand normal protein function and
pathophysiology of human disorders caused by FIG4 deficiency.

Materials and Methods
Mutagenesis of Fig4 cDNA and generation of expression
constructs

The full-length Fig4 cDNAwas previously cloned downstream of
the chicken β-actin (CAG) promoter (10). We mutated the phos-
phatase active-site motif CX5RT by the PCR extension method.
A fragment containing the substitution c.1458G>C encoding the
missense mutation p.Cys486Ser was amplified from the CAG-
Fig4 construct using the forward primer 5′ GTGAT GCTTC
TGTGATGTCT TTTAC and a reverse primer containing themuta-
tion (underlined): 5′ CCGTA GGAAG CTTGG TTGAG ACACC
TGACA AACC. The CAG-Fig4 plasmid was digested with BstXI
(New England Biolabs, Ipswich, MA, USA) and the products of
7.2 kb and 420 bp were gel purified. The PCR product containing
the mutation was digested with BstX1 and the resulting mutant
420 bp fragment was ligated to the 7.2 kb fragment from the
wild-type clone to generate the CAG-Fig4-Cys486Ser construct.

For neuron-specific expression in transgenic mice, the mutant
cDNA was PCR amplified from the CAG clone and cloned down-
stream of the 4 kb enolase (NSE) promoter as previously de-
scribed (32). Promoters, coding regions and UTRs of cDNA
clones were subjected to Sanger sequencing for sequence
verification.

Cell vacuolization

Mouse embryonic fibroblasts were isolated from plt/plt homozy-
gous null embryos at E13 (5). Cells were cultured to Passage 3
and stored frozen in Recovery Cell Culture Freezing Medium
#12648 (Invitrogen, Carlsbad, CA, USA). After co-transfection
with enhanced green fluorescent protein, cells were cultured
and vacuolization was evaluated by light microscopy as previ-
ously described (29,30).

Transgenic mice

The NSE-Fig4 cDNAwas microinjected into (C57BL/6 × SJL)F2 fer-
tilized mouse eggs in the University of Michigan Transgenic Ani-
mal Core (www.med.umich.edu/tamc/) as previously described
(32). Transgenic founders were identified by PCR of genomic
DNA as described in the text. Founders were crossed with con-
genic C3H. Fig4+/− heterozygous mice (N23) carrying the plt null
allele (43). Fig4+/− offspring inheriting the transgenewere crossed
again with C3H.Fig4+/− mice to generate Fig4−/−, transgene posi-
tive (Tg+)mice and non-transgenic littermate controls for experi-
ments. Wildtype mice expressing the transgene did not exhibit
abnormal phenotypes or reduced fertility. Animals were housed
and cared for in accordance with NIH guidelines. Experiments
were approved by the University of Michigan Committee on the
Use and Care of Animals.

Reverse transcriptase-polymerase chain reaction

Transgene transcripts were detected with the forward primer in
NSE exon 1, CACCG GCTGA GTCTG CAGTC CTCG, and the reverse
in Fig4 exon 2, TGATT GCTCC CAACTAGAAA GTATC, with 30 cy-
cles of amplification. qRT-PCR was carried out as previously de-
scribed (10). RNA was prepared from whole brain using the
Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was gener-
ated with the first-strand cDNA synthesis kit (Invitrogen). Trans-
gene expression on the Fig4plt/plt null background was detected
with the pre-designed Taqman assay spanning Fig4 exons 18
and 19 (Catalog # Mm 01189585_m1) (Applied Biosystems, Foster
City, CA, USA) that does not detect the plt transcript due to the
retrotransposon insert in intron 18 (5,32).

Histology

Brain and spinal cord were fixed for 24 h at 4°C in phosphate buf-
fered 10% formalin and dehydrated in 70% ethanol for 24 h at 4°C
prior to processing. Paraffin embedding and hematoxylin and
eosin (H&E) stainingwere carried out at Histoserv, Inc. (Bethesda,
MD, USA). Images were obtained with an Olympus BX51 micro-
scope and DP50 camera.

Western blotting was carried out for FIG4 (30), and myelin
proteins MAG, MBP and PLP as previously described (45). Brain
membrane proteins were prepared from three mice of each
genotype at P20-P22 as described (35). Primary antibodies
included mouse anti-βIII tubulin (1:20 000; Promega), rabbit
anti-MAG (1:1000) (34), rat anti-MBP (1:1000; Millipore), anti-
PLP (1:1000, Abcam) and mouse anti-Fig4 (NeuroMab, 1:200).
Primary antibodies were detected using either horseradish
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peroxidase-conjugated secondary antibodies (1:2000–15 000;
Millipore Bioscience Research Reagents) or Alexa-conjugated
secondary antibodies (1:20 000, Molecular Probes). The Licor C-
DiGit and Odyssey imaging systems and software were used
for visualization and quantification of myelin proteins. For
quantitation of FIG4 protein, the ratio of FIG4 protein to loading
control was determined using the ImageJ software (46) (Supple-
mentary Material, Fig. S1).

Optic nerve conduction

CAP recordings of acutely isolated optic nerves fromP20-P22 from
mice of genotype Fig4++ (n = 8 nerves), Fig4−/−,NSE-Fig4TG (n = 4
nerves) and Fig4−/−,NSE-Fig4Cys486Ser (n = 6 nerves) were performed
and analyzed as previously described (35,47).

Supplementary Material
Supplementary Material is available at HMG online.
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