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Neurobiology of Disease

Concurrent Lpinl and Nrcam Mouse Mutations Result in
Severe Peripheral Neuropathy with Transitory Hindlimb
Paralysis
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Peripheral neuropathy is a broad category of disorders with a diverse etiology, grouped together by their common pathogenic effect on
the peripheral nervous system (PNS). Because of the heterogeneity observed to be responsible for these disorders, a forward genetics
method of gene discovery was used to identify additional affected pathways. In this report, we describe the mutant mouse line 20884,
generated by N-ethyl-N-nitrosourea mutagenesis, which is characterized by adult-onset transitory hindlimb paralysis. Linkage mapping
revealed that two point mutations are responsible for the phenotype: a partial loss-of-function mutation in the gene for phosphatidate
phosphatase LpinI and a truncation mutation in the gene that encodes the neuronal cell adhesion molecule NrCAM. To investigate how
the 20884 Lpinl and Nrcam mutations interact to produce the paralysis phenotype, the double mutant and both single mutants were
analyzed by quantitative behavioral, histological, and electrophysiological means. The Lpin1°°*** mutant and the double mutant are
characterized by similar levels of demyelination and aberrant myelin structures. Nevertheless, the double mutant exhibits more severe
electrophysiological abnormalities than the Lpin 1°**** mutant. The Nrcam®**** mutant is characterized by normal sciatic nerve morphol-
ogy and a mild electrophysiological defect. Comparison of the double mutant phenotype with the two single mutants does not point to an
additive relationship between the two defects; rather, the Lpin1°?*** and Nrcam®*** defects appear to act synergistically to produce the
20884 phenotype. It is proposed that the absence of NrCAM in a demyelinating environment has a deleterious effect, possibly by

impairing the process of remyelination.

Introduction

Peripheral neuropathy is a class of diverse diseases grouped by
their shared affect on the peripheral nervous system (PNS). Dia-
betes is one of the most common causes of peripheral neuropa-
thy; it is estimated that 45-50% of the growing population
with type 2 diabetes will experience neuropathic complications
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(Yagihashi et al., 2007). Other acquired forms of neuropathy re-
sult from exposure to toxic chemicals, including chemotherapeu-
tics, physical injury, nutrient deficiency, HIV, and aberrant
immune responses after infection (Péréon et al., 2003).
Additionally, there are numerous inherited neuropathies, which
have at their root a remarkable degree of genetic heterogeneity
with respect to both the functional diversity of the underlying
genes and the allelic variety within these genes (Douglas and
Popko, 2009). Causative genes run the gamut from those that
have specific nerve-related functions to those that are ubiqui-
tously expressed yet yield exclusively neuropathic phenotypes
when altered. Among the former are myelin-specific genes, such
as peripheral myelin protein (Pmp22), which, depending on the
genetic defect, is responsible for Charcot—-Marie-Tooth (CMT)
1A, hereditary neuropathy with liability to pressure palsies, or
Dejerine—Sottas neuropathy (Meyer Zu Horste and Nave, 2006).
Similarly, mutations in neuronally specific genes, such as the cal-
cium channel subunit Cacnala gene (Plomp etal., 2000; Kaja et
al., 2007a, 2007b) and the sodium channel gene Scn8a (De
Repentigny et al., 2001; Meisler et al., 2004), result in allele-
specific neuronal abnormalities. Alternatively, many genes re-
sponsible for peripheral nerve disorders are expressed in a wide
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variety of tissues. For example, the Gars gene product is ubiqui-
tously required for the synthesis of glycyl-tRNA; however, point
mutations in this gene are specifically associated with dominant
CMT?2A and distal hereditary motor neuropathy V (Antonellis et
al., 2003; Seburn et al., 2006).

Each of the above genes exemplifies not only the genetic
heterogeneity of peripheral neuropathy but also the pheno-
typic heterogeneity associated with many neuropathy disease
genes (Douglas and Popko, 2009). For example, Pmp22 results in
different disorders depending on whether the mutant allele is a
point mutation, duplication, or deletion. This unpredictable ge-
netic variability made forward genetics an attractive approach to
discovering new pathways important to the development, main-
tenance, and pathogenesis of the PNS.

The N-ethyl-N-nitrosourea (ENU) mutagenized mutant mouse
strain 20884 was initially chosen for study because of its dramatic
phenotype: adult-onset hindlimb paralysis. Interestingly, the
mapping of 20884’s underlying mutation revealed that two mu-
tations, linked at a distance of 29 Mb, were responsible: a novel
missense mutation in the phosphatidate phosphatase gene Lpinl
and a nonsense mutation in the neural cell adhesion molecule
gene Nrcam. Lipin-1 and NrCAM have seemingly unrelated roles
in the PNS, yet when deficiencies are introduced into both genes
simultaneously, the result is a phenotype much more severe than
would be expected from a simple addition of the two mild single
mutant phenotypes. Histological, electrophysiological, and mor-
phometric comparisons of the two single mutants with the dou-
ble mutant suggest that the two mutations act synergistically to
result in muscle atrophy and paralysis in the double mutant.

Materials and Methods

Mice. The strain ENU20884 arose on the C57BL/6] (C57) background
during an ENU mutagenesis screen at the Mouse Heart, Lung, Blood and
Sleep Disorders Center (The Jackson Laboratory) (Clark et al., 2004).
ENU20884 heterozygous mice were maintained by sibling crosses and by
breeding with C57BL/6] mice (stock #000664; The Jackson Laboratory).
Additional strains BALB/cJ (BALB; stock #000651) and Lpin™ (Stock
#001592) were also obtained from The Jackson Laboratory. Mice were
housed under pathogen-free conditions and all animal studies were per-
formed in compliance with the University of Chicago’s Institutional An-
imal Care and Use Committee guidelines.

Positional cloning and genotyping. The chromosome 12 critical region
was identified using a panel of 78 simple sequence length polymorphism
(SSLP) markers. Additional markers within this region were added as
required. Intercross breeding, genotyping (Traka et al., 2008), and can-
didate gene sequencing (Chen et al., 2007) were performed as previously
described. Initially, mutants presenting by 6 weeks of age were geno-
typed; later, all F2 progeny were genotyped and observed until at least 10
weeks.

Mice were genotyped for the 20884 alleles by PCR amplification using
the following primers: Lpinl-L 5'-CTGTCTCCCCTGCTCACTTC-3',
Lpinl-R 5'-CCACATATCAGCCTTCCCAG-3’, NrCAM-L 5'-CAGAT-
CAATTGTGTAAATAGAAGTGTG-3', and NrCAM-R 5'-AATGCCT-
TTTAAATTCCCCG-3'. Rsal digestion of Lpinl amplicons produces a
222 bp wild-type fragment and a 267 bp 20884 allele fragment. Nrcam
amplicons digested by Hpy188I digestion of Nrcam produce a 630 bp
wild-type fragment and a 725 bp 20884 allele fragment. Mice were geno-
typed for the fld allele of Lpinl by a three-primer reaction using the
primers p1, p3, and p4 described previously (Péterfy et al., 2001).

20884 fld interbreeding. Lpin™™ mutant females were bred to
Lpin12088420884 males to generate Lpin1"¥2%5%# progeny, which were ob-
served for phenotype onset. Additional progeny were generated by
Lpin 14 % Lpin1?%39* and Lpin1™* X Lpin1?%*3¥™" crosses to gen-
erate wild-type littermates for histological comparison.

To generate Lpinl™ " Nrcam?*55%/205%% double mutants, Lpin "M
and Lpin1"¥* females were crossed with Nrcam?***** males. Lpin ™"
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Nream?*%5%* progeny were retained and bred to either wild-type

C57BL/6] or BALB/cByJ mice to screen for recombinant Lpin ¥+
Nrcam?®®%™* progeny; the two resulting lines were kept separate. The
recombinant double heterozygotes were then intercrossed to generate
Lpin1" M Nrcam?°55429554 double mutant progeny, which were ob-
served for phenotype onset.

Protein isolation and Western blotting. Wild-type and Lpin
Nrcam?°%%? double mutant brains were homogenized in 50 mm Tris-HCI,
pH 7.2, containing 1% SDS, 1 mm PMSF, and Complete Protease Inhib-
itor Tablets (Roche Diagnostics), and centrifuged at 10,000 rpm at 4°C
for 15 min, and the supernatant was retained. Protein concentrations
were measured using the Bio-Rad Protein Assay (Bio-Rad). Thirty
micrograms of protein was separated on a 4—20% SDS-PAGE gel, trans-
ferred to a nitrocellulose membrane, blocked with Tris-buffered saline—
Tween 20 (TBST) buffer containing 5% nonfat dry milk, and incubated
overnight with polyclonal anti-NrCAM raised against the extracellular
domain of the protein (ab24344, Abcam) diluted 1:500 in blocking
buffer. Immunopositive bands were detected using the Enhanced
Chemiluminescence detection system (Amersham). Blots were washed
with TBST and reincubated with anti-a-actin mouse monoclonal anti-
body (1:1000 dilution, Sigma) as a loading control.

Behavior, grip strength, and electrophysiology. Grip strength and elec-
trophysiology measurements were recorded as previously described
(Levedakou et al., 2005) except for the following alterations. The grip
strength was measured from both the forelimbs and hindlimbs of six
pairs of mutant/wild-type littermates (three male, three female) for the
three mutant genotypes (LpinI?®*** mutant, Nrcam?*** mutant,
Lpin1?°%%* Nrcam?*®3* double mutant) at 2 week intervals from 4 to 16
weeks of age, and then every 4 weeks until 52 weeks of age. At each time
point, weight was recorded and gait was observed. Electrophysiological
recordings were taken from the sciatic nerve at 4, 8, and 12 weeks from at
least five mice per genotype and from the sural nerve at 8 and 12 weeks
from at least three mice per genotype.

Histology. To obtain hindlimb muscle cryosections for hematoxylin
and eosin staining, animals were deeply anesthetized by intraperitoneal
injection with avertin (0.5 mg/g), and the muscle tissues were harvested
and snap-frozen in isopentane precooled in liquid nitrogen. Sciatic nerve
cross-sections were processed for toluidine blue staining and EM as de-
scribed previously (Dupree et al., 1998).

Morphometric analysis. Sciatic nerve g-ratios were calculated from the
nerves of three mice for each genotype (Lpin1°**** mutant, Nrcam®°%%*
mutant, Lpin120884 Nrcam?*¥* double mutant) at four time points (4, 8,
12,and 52 weeks). Axon and fiber circumference and area were measured
using NIH Image] software from 20 (412 weeks) or 25 (52 weeks) 16.52
wm? images per nerve. The g-ratios were calculated as axon diameter/
fiber diameter as described previously (Auer, 1994). The numbers of
unmyelinated and hypomyelinated axons were obtained from the same
images as the g-ratio data. Hypomyelinated axons were defined as my-
elinated fibers whose g-ratios fell above the 95th-percentile value of wild-
type myelinated fibers at a given age. Unmyelinated and hypomyelinated
axon counts were normalized against the total number of axons counted
per nerve and expressed as a percentage.

Sample preparation for phosphatidate phosphatase type 1 activity assay.
Tissues (brain, liver, inguinal subcutaneous white adipose, hindlimb
muscle, and sciatic nerve) were harvested from 4-week-old wild type,
Lpin1?°%%% mutants, and Lpin1°?*** Nrcam?**** double mutants. Sciatic
nerves from three mice were pooled for each sciatic nerve sample. Tissues
were homogenized in 0.25 M sucrose containing 2 mM dithiothreitol,
0.15% Tween 20, and Complete Protease Inhibitor Tablets (Roche
Diagnostics) and frozen to preserve PAP activity. Total protein con-
centrations were measured using the Bio-Rad Protein Assay (Bio-
Rad). Phosphatidate phosphatase type 1 (PAPIL) activity was
calculated after subtracting lipid phosphate phosphatase activity
from the total measured production of diacylglycerol from phos-
phatidate. The activity assay and lipin-1 Western blots were per-
formed as described by Manmontri et al. (2008).

Statistical analysis. All results are expressed as the mean * SD. Sta-
tistical analysis was performed using SigmaStat software (Systat Soft-
ware Inc.). Grip strength data were analyzed by a two-tailed
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Figure 1.

weeks old; B, C, E, F, 3.5 months old.

distribution Student’s ¢ test after testing for equal variance; equal
variance was not assumed for data sets failing the equal-variance test.
In cases in which the data failed the normality test, a Mann—Whitney
rank sum test was used. Weight, electrophysiological measurements,
and morphometric data were analyzed by one-way ANOVA within
age groups. Enzymatic activity data were analyzed by one-way
ANOVA by tissue. Post hoc pairwise comparisons were performed
using the Holm-Sidak method. In cases in which the normality or
equal-variance tests failed, the Kruskal-Wallis one-way ANOVA on
ranks was used, followed by post hoc analysis by Dunn’s method. In
cases in which post hoc analysis failed to specify pairwise differences,
the appropriate ¢ test was used; these instances are denoted by a
dagger (7). Differences were considered to be statistically significant if
p < 0.05.

Results

20884 mutants are characterized by an adult-onset, transitory
paralysis phenotype

The 20884 strain arose on the C57 background during a recessive
ENU mutagenesis screen. Mutants of the 20884 strain appear
normal at 4 weeks but by 5 weeks develop a floppy gait that
progresses to hindlimb paralysis by 6 or 7 weeks of age (Fig. 1;
supplemental Video 1, available at www.jneurosci.org as supple-
mental material). This paralysis is characterized by partial to total
loss of hindlimb joint mobility (Fig. 1D), the inability of the
hindpaws to grip structures (Fig. 1 E), and the clenching of the
hindlimbs to the body when suspended by the tail (Fig. 1 F), a
common neuropathic phenotype. The paralyzed mutants are
also identifiable by visibly wasted hindquarter muscles that are
characterized by widespread atrophic fibers (supplemental
Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). Additionally, males do not breed; females are able to
produce normal-sized litters but appear incapable of suckling
their progeny.

Interestingly, when observed over time, 20884 mutants dem-
onstrate an attenuation of the paralysis phenotype (supplemental
Video 1, available at www.jneurosci.org as supplemental mate-
rial). At the onset of paralysis, likely as a consequence of rapid
muscle wasting, the hindlimb joints are stiff and restricted to a
bent position. After ~14 weeks of age, however, the wasted ap-
pearance of the 20884 mutants gradually becomes less obvious,
while the hindlimbs take on a flaccid disposition and progres-
sively regain mobility and strength. Between 8 months and 1 year
of age, these mutants regain the ability to both grip structures and
walk, although their gait remains floppy.

20884 mutant phenotype. At 6 -7 weeks of age, the hindquarters of 20884 mutant mice (D) become noticeably
wasted compared with those of the wild type (), and the hindlimbs become paralyzed, with the joints frozen in a bent position.
20884 mutants are unable to grip structures with their hindpaws (E), compared with the wild type (B), and they clench their
hindlimbs to their body when suspended by the tail (F), unlike wild-type mice, which splay their limbs and toes (C). A, D, Seven
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To elucidate the genetic underpin-
nings of the 20884 mutant’s dramatic pa-
ralysis and novel recovery, the strain was
subjected to positional cloning.

The 20884 phenotype maps to two
distinct mutations in the Lpinl

and Nrcam genes

Because 20884 mutants have difficulty
breeding, an intercross breeding scheme
was used, using BALB as the outcross
strain. A genome-wide panel of SSLP
markers was used to localize the genetic
defect to the proximal end of chromo-
some 12, which was consistent with the
findings reported by Moran et al. (2006).
Increasing marker density refined the crit-
ical region to the 29.83 Mb (NCBI Build
37) region between markers DI12Mit170
and DI12Mit236 (Fig. 2A). Breeding addi-
tional 20884 mutants failed to further reduce the size of the crit-
ical region.

A closer examination of the outcrossed F2 mutant mice re-
vealed two distinct recessive phenotypes. In a majority of cases,
the original severe 20884 phenotype, described above, was similar
on the outbred background. A second, milder phenotype was
characterized by a floppy gait that was subtle in most instances,
with a later age of onset, between 6 and 9 weeks. Detection of this
phenotype was further complicated by the attenuation of the gait
abnormality between 14 and 16 weeks. This mild-gait phenotype
is not readily observable on the original inbred C57 background.

By correlating genotype data with phenotypic observations, a
clear pattern emerged (Fig. 2A). The mild phenotype mapped to
the 377 kb region between DI12Mit170 and D12Mit184 at the
proximal end of the critical region, whereas the severe phenotype
was observed in animals homozygous for the C57 background
within both the proximal region and the 2.27 Mb region between
DI12Mit235 and DI12Mit236 at the very distal end of the critical
region. Therefore, the original 20884 strain appeared to possess
two distinct ENU-derived mutations.

To identify the two mutations, all coding sequences from the
three known genes within the 377 kb proximal region and the six
known and predicted genes within the 2.27 Mb distal region were
sequenced from the genomic DNA of a severe-phenotype mutant
and compared with those sequenced from a C57 wild-type
mouse, as well as with the online genome sequence. Within the
proximal region, a T-to-A transversion was found in exon 20 of
Lpinl (Fig. 2B), resulting in a tyrosine-to-asparagine missense
mutation (Y873N) affecting a residue that is present in both
lipin-1 isoforms (Fig. 2 D) (Péterfy et al., 2005) and conserved
among mammals. Within the distal region, 29.13 Mb from the
Lpinl mutation, a C-to-T transition was discovered in exon 36 of
Nrcam (Fig. 2C), which results in a premature stop codon
(Q1033X) (Fig. 2 E). Thus, the mild phenotype appeared to result
from a mutation in the LpinI gene alone, whereas the more severe
phenotype appeared to result from a mutation in the Nrcam gene
together with the mutation in the LpinI gene.

The Lpin1*°*** missense allele is a partial loss-of-function
allele with reduced PAP activity

The availability of other mutations in the Lpinl gene enabled
confirmation, by complementation analysis, that the Lpin1°?%%*
mutation is responsible for the “mild” phenotype. The fatty liver
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Figure 2. Identification of the 20884 mutations. 4, Correlation of F2 progeny genotype with phenotype demonstrated that the “mild” phenotype maps to the proximal (top) end of the
chromosome 12 critical region, between markers D72Mit170 and D12Mit184. All “severe” mutants required (57 homozygosity at the proximal end of the critical region as well as at the distal end.
The existence of both “severe” and “mild” mutants with recombination events between D72Mit235 and D12Mit236 indicated that the modifying genetic lesion was located between these markers.
B, €, The sequencing of all coding exons in the implicated proximal and distal regions revealed two point mutations, a T-to-A transversion in the LpinT gene (B) and a C-to-T transition in the Nrcam
gene (€). All “mild” mutants were confirmed to be homozygous for the Lpin72%%3 mutation only (red highlighted row), whereas all “severe” mutants were confirmed to be homozygous for both
mutations (red and green hightlighted rows) (A). D, The mutation in LpinT results in a missense mutation, Y873N (red arrows), in the final exon of both known gene products, lipin-1a (a) and lipin-1
b (b). N-terminal lipin domain, Light blue; C-terminal lipin domain, dark blue; alternately spliced 33 aa, black. E, The mutation in Nrcam results in a nonsense mutation, Q1033X, that occursinaregion
presentin all known splice forms, truncating potential gene products before the transmembrane and intracellular domain (green arrow). Ig domain, Yellow; fibronectin domain, brown; transmem-
brane domain, gray; intracellular domain, orange. F, PAP activity in Lpin 2°*#* and double mutant brain and inguinal subcutaneous white adipose tissue (WAT) was significantly reduced compared
with wild type. The reduction in PAP activity in double mutant liver and hindlimb muscle, and in Lpin 72°%%“ sciatic nerve, was also statistically significant. For brain, liver, adipose tissue, and hindlimb
muscle, n = 3 for each genotype. For sciatic nerve, n = 3 for each genotype, with samples examined for each genotype consisting of nerves pooled from three animals. Significant difference from
wild type as determined by one-way ANOVA for each tissue. *p << 0.05. Error bars indicate SD. G, Western blotting demonstrated NrCAM protein is not detectable in Nrcam®*®** mutant brains. The
anti-NrCAM antibody used was raised against the extracellular domain of the protein. Actin was used as a loading control.

dystrophy ( fld) mouse carries a spontaneous null mutation in the
Lpinl gene on the BALB/cBy] background (Péterfy et al., 2001)
that results in, preweaning, an enlarged, fatty liver that is visible
through the skin, delayed hair growth, and reduced body size
(Langner et al., 1989), as well as a progressive peripheral neurop-
athy that presents at postnatal day 10 (P10) with a floppy gait and
tremor (Langner et al., 1991). Lpin1°?***/Lpin "™ compound het-
erozygous mice that lacked the NrCAM??*** mutation were gen-
erated. The mild 20884 and fld phenotypes failed to complement,
indicating the two mutations are allelic. Whereas Lpin 12055
compound heterozygotes, like Lpin1?°#429%5% mutants, lack the
fatty liver, delayed hair growth, and small size seen in preweaning
fld mutants, they do develop a peripheral neuropathy phenotype
at 6 weeks of age similar to that seen in the F2 outcrossed mutants.
This peripheral neuropathy is characterized by a low, floppy gait,
a tendency to clench the hindlimbs in toward the body when

suspended by the tail (Fig. 3B), and abnormal sciatic nerve mor-
phology, visualized by toluidine blue-stained cross-sections (Fig.
3D), that is less severe than fld mutant de/dysmyelination (Langner
et al., 1991). Therefore, Lpini?°***, a new allele of Lpinl, is re-
sponsible for the mild 20884 phenotype.

Lipin-1 was recently demonstrated to be one of a three-
member family of proteins possessing PAP activity in mammals;
these enzymes function in lipid metabolism and signal transduc-
tion by catalyzing the removal of a phosphate group from phos-
phatidate (Donkor et al., 2007; Harris et al., 2007). The milder
phenotype of the Lpin1°°** mutant, compared with the fld mu-
tant, suggested that the 20884 allele is a partial loss-of-function
allele. To quantitate the PAP activity of the Lpin1°?*** gene prod-
uct, protein extracts were collected from the brain, liver, inguinal
subcutaneous white adipose tissue, hindlimb muscle, and sciatic
nerve of Lpin1?**** Nrcam®**** double mutants, Lpin1°°*** single
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mutants, and wild-type animals and analyzed for PAP activity as
described by Donkor et al. (2007) and Manmontri et al. (2008).

In all tissues examined, PAP activity is present but similarly
reduced in both the double mutants and Lpin1***** single mu-
tants as compared to wild-type levels, with one or both mutants
showing statistically significant reductions for each tissue (Fig.
2 F). Other lipin family members are expressed in brain and liver,
so a full loss of PAP activity would not be expected in these
tissues, even in the absence of lipin-1. Meanwhile, LpinI is the
major lipin gene expressed in skeletal muscle and adipose tissue,
and fld mutant mice lack all or nearly all PAP activity in these
tissues (Donkor et al., 2007; Harris et al., 2007). In contrast, PAP
activity was measured at 20% of wild type in double and
Lpin1***** mutant adipose tissue, and at 25 and 33% of wild type
in double and LpinI*°*** mutant muscle, respectively. The in-
complete loss of PAP activity in Lpin1°°*** mutant tissues dem-
onstrates that the 20884 allele is a hypomorph with respect to
PAP function. Quantitation of protein levels by Western blot
demonstrated that lipin-1 is expressed at similar levels in the
LpinI**** mutant as in wild type in all tissues examined except
for adipose tissue, in which mutant protein expression was
twice as high as that of the wild type (data not shown). There-
fore, the loss of PAP activity in Lpin1??®®** is likely attributable
to an impairment of enzymatic function rather than a reduc-
tion in expression.

The Nrcam?°** null allele’s interaction with LpinI is not
allele specific

NrCAM is a membrane-bound protein found on the cell surface
of Schwann cells and neurons during development, as well as at
the nodes of Ranvier in mature axons (Grumet, 1997; Arroyo and
Scherer, 2000), where it is involved in the clustering of Na * chan-
nels to the node (Susuki and Rasband, 2008). The 20884 non-
sense mutation, which, based on previous analysis of the human
and chicken homologs, falls within a region common to all splice
forms (Grumet et al., 1991; Kayyem et al., 1992; Lane et al., 1996;

A-D, Genetic confirmation of the 20884 mutations. Complementation testing confirmed the identity of the
Lpin12°%5* mutation. Lpin 17265 compound heterozygotes clench their hindlimbs to their bodies when suspended by the tail (B),
whereas heterozygous and wild-type littermates splayed their hindlimbs and toes (4), as commonly seen in wild-type mice.
Histological observation of sciatic nerve cross-sections from 8-week-old compound heterozygotes (D) revealed abnormalities, such
as thin myelin sheaths and darkly stained debris, not seen in wild-type sections (C). Scale bars, 10 wm. E, Additionally, the
mutation is able to modify the fld phenotype. Compared with their fid littermates, who demonstrate a floppy gait, fid
Nrcam?®®® double mutants are greatly reduced in size and develop total hindlimb paralysis and partial forelimb paralysis at ~2.5
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Dry etal., 2001), is predicted to result in a
truncated protein that lacks the trans-
membrane and intracellular domains
(Fig. 2E). Therefore, it is expected that the
mutant gene product, if expressed, would
be secreted from the cell.

Nrcam mRNA is detectable in
Nrcam?%%8429854 mjce and semiquantita-
tive PCR analysis did not show a strong
decrease in the amount of mRNA present
(data not shown). Nevertheless, the trun-
cated protein (predicted molecular weight
of 114 kDa) is not detectable by Western
blot (Fig. 2G) or immunohistochemical
staining of teased nerve fibers (data not
shown) using an antibody raised against the
extracellular domain of murine NrCAM.
The 20884 allele can therefore be considered
anull allele.

Lpin"™™ Nrcan?52%%%1double mu-
tants were generated to determine whether
the modifying effect that the Nrcam mu-
tation has on the Lpinl phenotype is
allele-specific. Indeed, the combination of
the 20884 allele of Nrcam with the fld mu-
tation produced an explicit increase in
phenotype severity compared with the fld
mutation alone. Although initially similar in phenotype to their
fld littermates, by 2.5 weeks after birth, fld Nrcam®**** double
mutants develop severe muscle wasting and demonstrate delayed
body growth. As a result, fld Nrcan”**** mutants are dramatically
smaller than their fld littermates (Fig. 3E). Additionally, fld
Nrcan®®** mutant hindlimbs become fully paralyzed, although
some hip function may be retained. The forelimbs also show
partial loss of function. In contrast, the fId littermates develop the
expected floppy, weak gait without wasting and paralysis. There-
fore, the fld Nrcam®*** double mutant phenotype reveals that the
modifying effect of NrCAM absence on the LpinI mutant pheno-
type is not allele specific and that the effect does not require the
presence of the lipin-1 protein.

The 20884 double mutant paralysis and the milder Lpin1°°%%*
mutant weakness are transient

To understand better the role that interaction between Lpinl and
Nrcam plays in peripheral myelin development and mainte-
nance, the appearance and subsequent amelioration of the phe-
notype that were observed in 20884 mutant mice were quantified.
Grip strength and body weight were measured in mice that were
homozygous for the Lpin®**** and NrCAM?**** alleles, alone and
in combination. Six mice, three male and three female, of each of
the mutant genotypes were examined in conjunction with age-
and gender-matched controls. Animals were examined for both
hindlimb and forelimb grip strength every 2 weeks from 4 weeks
until 16 weeks of age, and then every 4 weeks thereafter (Fig.
4A-F). At 4 weeks of age, before the appearance of a gait abnor-
mality, the Lpin1®**** Nrcam®**** (double) mutants demon-
strated significantly reduced hindlimb grip strength compared
with the wild type (Fig. 4 B). By 6 weeks, half of the double mutant
cohort had lost the ability to grip with their hindpaws; by 8 weeks,
the hindlimbs of all six double mutants were paralyzed. After
gradually recovering from hindpaw paralysis, the first of the six
regained the ability to grip at 32 weeks, the last by 48 weeks. It was
observed that some of these recovering double mutants clearly



12094 - J. Neurosci., September 30, 2009 - 29(39):12089 —12100

Douglas et al. @ Lpin Nrcam Neuropathy Mutant

regained hindpaw mobility before record- A B
ing a return of grip strength because of 40 40
an apparent inability to sense the grip 30 30
strength apparatus, suggesting that a sen- 20 20
sory deficit may sometimes linger beyond 10 10]%
the return of motor function. Meanwhile, o 0’
forelimb weakness did not appear in the C % B 2 82 & 4 9 D 18 12 16 2 % W 9
double mutant until 6 weeks (Fig. 4A). g 40
Although forelimb grip strength never re- o 40 30 H
. © 30 :

turned to wild-type levels, the double mu- ° 50 20
tant measurements show a clear pattern of ué 10 10 7
progressive weakness followed by an at- 2 o '0_
tenuation of the phenotype beginning at s _4 8 12 .16 24 32 4 48 4 8 12 16 24 32 40 48
~24 weeks of age. FE F

Unlike the double mutant, Lpin12°%%* 40 40
mutant forelimb grip strength was normal 30 ¥ 4 1 30
(Fig. 4C); however, a transitory defect was 20 20
observed in the hindlimbs. A mild weak- i ﬂ 10
ness was observed in the hindlimbs from g 4 8 12 16 24 32 40 48 0 4 8 12 16 24 32 40 48
~8to 12 weeks of age, al'tho.ugh this weak- Age (weeks)
ness reached statistical significance only at G 30 . ;
10 weeks of age (Fig. 4 D). This hindlimb R
weakness did not reoccur later in life; 2 20 4 +Eo_uble Mutant

. . s . - Lpin1 Mutant

however, an increase in hindlimb grip -% 10 ¥ xurrx - Nrcam Mutant
strength over wild type at the later time = ~ Wild Type
points, found to be significant at 48 weeks, 0 e A
was associated with observed stiffness in 4 8 12 16 20 24 28 32 36 40 44 48 52
the joints of the paw. Age (weeks)

Whereas an inconsistently signifi-
cant weakness in the forelimbs was ob-  Figure4.  Gripstrength and body weight phenotype progression. A, Beginning at 6 weeks, double mutant forelimb grip (blue)

served in the Nrcan””*** mutants beginning

at 14 weeks (Fig. 4E), these mutants
never displayed weakness in their hind-
limbs (Fig. 4F).

Because visible hindquarter muscle
wasting was observed in the double mu-
tants, body weight was also recorded for
all mice undergoing grip strength analysis
(Fig. 4G). As expected, reduced body
weight in double mutants, compared with
wild-type littermates, was associated with
the onset of paralysis, when muscle mass

became progressively weaker until 20 weeks, after which it steadily improved but remained significantly weaker than wild type
(white). B, Double mutant hindlimb grip strength (blue) was already significantly reduced at 4 weeks. At 6 weeks, half of the
double mutants could no longer perform the grip strength test; by 8 weeks, all six double mutants were paralyzed. As early as 32
weeks, mutants regained the ability to grip; all could grip by 48 weeks. €, No grip strength abnormalities were observed in the
Lpin12%85* mutant forelimbs (red). D, A transitory weakness in Lpin 722 mutant hindlimbs (red) was observed at ~8—12 weeks,
demonstrating significance at 10 weeks. The modest increase in grip strength of older Lpin®**®* mice is attributable to mechanical
stiffness of their paws. E, Nrcam®*®** mutants (green) demonstrated an inconsistent forelimb weakness beginning at 14 weeks.
F, No hindlimb weakness was observed in Nrcam?®®* mutants (green). Cohorts consisted of six mutant mice and six wild-type
littermate controls (white) for each mutant genotype. Significance was determined by Student’s ¢ test. *p << 0.05. G, The same
mice analyzed for grip strength were observed for abnormalities in body weight. The Lpin7 and Nrcam mutants were indistinguish-
able from the wild type. Double mutants, however, were significantly smaller than wild-type mice beginning at 8 weeks, because
of their obvious hindquarter muscle atrophy. By 32 weeks, double mutant size was no longer significantly different from wild type.
Significance was determined by one-way ANOVA at each time point. *p << 0.05. Error bars indicate SD.

becomes visibly decreased. Improvement

in relative body weight compared with wild type was associated
with the return of hindlimb function, as well as a visible recovery
of muscle mass. Both of the single mutant cohorts remained sim-
ilar in size to their wild-type littermates. These observations in-
dicate that both the severity and transient nature of the double
mutant phenotype are attributable to the interaction of the two
mutant alleles, rather than simply an additive effect of the mutant
phenotypes of each allele alone.

The Lpin1°°*** and Nrcam®°*** mutant electrophysiological
abnormalities interact in a nonadditive manner in the

double mutant

To examine the effect of the Lpin1°°*** and Nrcam mutations
on peripheral nerve function, mutant and wild-type animals were
subjected to electrophysiological examination. Recordings were
made from the sciatic nerve at 4 weeks, before the onset of wast-
ing and paralysis in the double mutant, and from both the sciatic
and sural nerves at 8 and 12 weeks, time points during the pro-
gression of the double mutant paralysis (Fig. 5; supplemental Fig.
2, available at www.jneurosci.org as supplemental material).

20884

At 4 weeks, double mutant conduction velocity is significantly
reduced to 45% of wild type (Fig. 5A). The 30% reductions in
Lpin1?”®%* and Nrcam?**** mutant conduction velocities are not
significant. By 8 weeks, however, the conduction velocities of all
three mutants are significantly different from wild type; further-
more, the double mutant (65% reduced) and Lpin1?*** mutant
(60% reduced) are significantly more affected than the
Nrcan®®%* mutant (40% reduced). As the Lpin1°**** and double
mutants show similar levels of dysfunction, the combined effect
of the two 20884 mutations does not appear to be additive during
the onset of muscle wasting and paralysis. By 12 weeks, the double
mutant and the Lpin1°°*** single mutant remain significantly re-
duced compared with wild type, although the Nrcam?**** single
mutant does not. Additionally, the double mutant (80% re-
duced) displays a far more severe deficit than the Lpin1°*** single
mutant (50% reduced). These results are suggestive of a myelin
defect in the absence of lipin-1, NrCAM, or both. This defect is
apparent in the sensory (sural nerve) as well as the motor path-
way, as conduction velocities are significantly reduced at both the
8 and 12 week time points in all three mutant genotypes in a
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additionally, those of the double and Lpin 72%%%¢

but the Nrcam?%¢8*

double mutants at 8 and 12 weeks, and by 50% in Lpin12%5#

manner similar to that observed in the sciatic nerve (supplemen-
tal Fig. 2 A, available at www.jneurosci.org as supplemental ma-
terial). A sensory component to the 20884 phenotype is
consistent with the apparent lack of sensation observed in recov-
ering double mutants during the grip strength examination.

The recorded compound muscle action potentials (CMAPs)
from the double and Lpin1?**** mutants demonstrate that ampli-
tude, as well as velocity, is reduced in these mice (Fig. 5B). The
distal CMAP amplitudes are significantly reduced in the double
mutant at 8 weeks (by 70%) and in both the double mutant and
the Lpin1°°*** mutant at 12 weeks (by 70 and 45%, respectively)
(Fig. 5B). In contrast, CMAP amplitudes are not significantly
reduced in mice that possess the Nrcam*** mutation alone.
Therefore, lipin-1, or lipin-1 in conjunction with NrCAM, is re-
quired for the maintenance or connectivity of motor fibers. The
loss of muscle mass in the double mutant is likely attributable to
the greater impairment of this activity in the double mutant.
Interestingly, the action potential amplitudes were reduced to
similar extents in the sural nerves of all three mutants at 8 weeks,
although the data did not demonstrate statistical significance. At
12 weeks, the double and Lpin1?**** mutant sural nerve ampli-
tudes were significantly reduced (supplemental Fig. 2 B, available
at www.jneurosci.org as supplemental material).

The molecular organization of the nodes of Ranvier, as visu-
alized by the immunohistochemical staining of teased fibers us-
ing antibodies against nodal (pan-sodium channel), paranodal
(Caspr/paranodin), and juxtaparanodal (potassium channel)
markers, was observed to be normal in all three mutant geno-
types, indicating that abnormalities in this organization do not
play a role in the observed electrophysiological defects (data not
shown).
Lpin1?°*** and double mutant sciatic nerves are characterized
by similar myelin abnormalities
Sciatic nerve morphology was examined to determine whether
the peripheral nerve pathology correlates with the single and
double mutant behavioral and physiological phenotypes. Previ-
ous work on null alleles of Lpin1 has demonstrated that the loss of
Lpinl results in severe myelin abnormalities in the sciatic nerve
(Langner etal., 1991; Nadra et al., 2008). To observe the morpho-
logical phenotype of the 20884 mutations, toluidine blue-stained
cross-sections of nerves from the three mutant genotypes, at 4, 8,
12, and 52 weeks, were compared with age-matched wild-type
sections (Fig. 6). At 4 weeks, toluidine blue-stained sciatic nerves
of all four genotypes appear normal (Fig. 6, first column). By 8

8 weeks

Electrophysiological analysis. CMAPs were recorded from the sciatic nerves of double, Lpin
mutants and wild-type littermates at 4, 8, and 12 weeks (n = 5). 4, At 4 weeks, the double mutant exhibited a significant 45%
decrease in conduction velocity. By 8 weeks, the conduction velocities of all three mutants were significantly lower than wild type;
mutants were significantly lower than the Nrcam
purple bracket). At 12 weeks, the double and Lpin7°** mutant conduction velocities were significantly different from wild type,
mutant conduction velocity was not. B, The distal CMAP amplitudes were significantly reduced by 70% in
mutants at 12 weeks. Significant difference from wild type; signifi-
cance was determined by one-way ANOVA at each time point. *p << 0.05. Error bars indicate SD.

20884
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weeks, however, abnormalities are visible
in the Lpin1?**** and double mutant
nerves (Fig. 6, second column). Demyeli-
nated axons are present (arrows), the
nerves appear qualitatively less organized
when compared with nerves from wild-
type and Nrcam?®®¥* animals, and some
darkly stained debris appear to be present,
although the nature of the debris cannot
20ss+  be identified at this magnification. At 12
weeks, the Lpin1*°*** and double mutant
nerves (Fig. 6, third column) appear sim-
ilar to those taken at 8 weeks, although, in
addition to axons lacking myelin (ar-
rows), some axons appear to have thin
myelin sheaths (asterisks). At 52 weeks,
after amelioration of the mutant pheno-
type, some thinly myelinated (asterisks)
and demyelinated (arrows) fibers are still present in the
Lpinlzo‘%4 and double mutant nerves (Fig. 6, fourth column),
although the general state of myelination seems to have improved
compared with the sciatic nerves of 12-week-old animals. At all
time points, Nrcam mutant nerves (Fig. 6, third row) were similar
in appearance to wild type (Fig. 6, first row). Therefore, the be-
havioral and electrophysiological abnormalities observed in
Lpin1*”*** homozygous and Lpin1®**** Nrcam®**** double mu-
tant mice correlate partially with structural changes in peripheral
nerve morphology.

Examination by electron microscopy provided insight into
the debris-like structures observed in the toluidine blue-stained
sections but failed to identify differences between the Lpin1°?**
and double mutants that could explain the extreme disparity in
phenotype severity. In the nerves of 4-week-old Lpin1?**** and
double mutants, membranous debris can be seen infrequently
beside myelinated axons, located within the surrounding
Schwann cell (data not shown). By 8 weeks, in addition to mem-
branous debris similar to that seen at 4 weeks (Fig. 7B, D,F, ar-
rows), compact myelin structures can be seen beside axons within
Schwann cells (Fig. 7D, arrowhead), either singly or in multiples.
Additionally, expanded regions of membranous debris can be
found within Schwann cells surrounding both myelinated and
unmyelinated fibers (Fig. 7C,E, respectively, arrows). Finally, de-
myelinated axons with no myelin debris are present (Fig. 7B, F,
bullets).

By 12 weeks, the compact myelin structures and expanded
regions of membranous debris observed in the Lpin1*°*** and
double mutants at 8 weeks are rare (data not shown). Neverthe-
less, the smaller clumps of debris are still present, as are demyeli-
nated axons. Additionally, as with the toluidine blue sections,
thinly myelinated fibers are observed. The reduction in compact
myelin structures and extensive debris, coupled with the presence of
thin myelin sheaths, which are indicative of remyelination, suggests
that the 12-week-old nerve is undergoing a process of recovery from
the myelin insult caused by the Lpin1°**** mutation.

At 52 weeks, the predominant feature in Lpin1°****and double
mutant nerves is a visibly increased presence of thinly myelinated
fibers (Fig. 7H, asterisks), which are likely the result of remyeli-
nation. Moreover, demyelinated axons (Fig. 7I, bullet) are
present but not common. Consistent with the toluidine blue
findings, the morphology of Nrcam®*** mutant nerve fibers,
when observed via electron microscopy, was indistinguishable
from that of the wild type at all ages. This ultrastructural analysis
suggests that myelin repair is a component of both the Lpin17°%%*

12 weeks

129884 and Nrcam

mutant (as indicated by the
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weeks, Lpin12°%%, Nrcam?®®®*, and double mutant sciatic nerves appear similar to wild type. At 8 weeks, however, demyelinated axons are visible (arrows) in the sciatic nerves of Lpin

Douglas et al. @ Lpin Nrcam Neuropathy Mutant

Sciatic nerve histology. Toluidine blue-stained semithin sections were taken from the medial region of the sciatic nerves of mice of all four genotypes at 4, 8, 12, and 52 weeks. At 4

120884 and

double mutants. At 12 weeks, demyelinated axons (arrows) are still visible in Lpin 727 and double mutant nerves. There also appear to be thinly myelinated axons (asterisks). By 52 weeks, some

demyelinated axons (arrow) are present in the Lpin 128

similar to wild type at all time points. Scale bars, 10 wm.

and double mutant phenotypes and that the phenotypic differ-
ences between these mice do not result from differences in pe-
ripheral nerve pathology.

Lpin1°°***-induced demyelination peaks at 8 weeks and
affects a small fraction of myelinated fibers

The sciatic nerves of the double, Lpin120884, and Nrcam®*®** mu-
tants were analyzed morphometrically to quantify the extent of
myelin loss in the Lpin1°?*** and double mutants, to identify any
subtle abnormalities that may be present in the Nrcam”**** mu-
tant, and to determine whether axonal loss contributes to the
mutant phenotypes. The four genotypes examined displayed no
significant difference in g-ratio or average myelin thickness at 4,
8, or 12 weeks (Table 1). At 52 weeks, however, the qualitative
observation of thinner myelin sheaths was confirmed; the average
g-ratios of the double and Lpin1°°*** mutants were significantly
increased by 5.0 and 4.8%, respectively, compared with wild type,
and the average myelin thicknesses were reduced by 19.4 and
24.2%, respectively. When the number of unmyelinated axons,
expressed as a percentage of the total number of axons measured

and double mutant nerves, but the predominant feature is thinly myelinated axons (asterisks). The Nrcam

2884 mutant nerves appeared

for each nerve, was analyzed, differences among the mutant and
wild-type mice could be observed. At 8 weeks, but not at 4, 12, or
52 weeks, one-way ANOVA analysis reported a statistical differ-
ence among the genotypes. Although post hoc analysis failed to
specify pairwise differences, comparison by # test confirmed that
the Lpin1°?**" mutant nerves contained a significantly elevated
percentage of unmyelinated axons compared with Nrcam”*%%*
mutant and wild-type animals (19.0- and 5.1-fold greater than
Nrean®®%* mutant and wild type, respectively) (Fig. 8A). The
lack of significance in the double mutant is likely due to greater
variation among the samples. The double and Lpin1°°** did not
significantly differ from each other; nevertheless, a difference be-
tween the double and Lpin1°°*** mutants cannot be rejected be-
cause of the small sample size.

Additionally, the percentage of hypomyelinated axons was
calculated for each nerve examined (Fig. 8 B). For this purpose,
hypomyelinated axons were defined as axons with g-ratios falling
above the 95th-percentile value of wild-type myelinated fibers at
agiven age. No differences were observed at 4 or 8 weeks, butat 12
weeks, a >2.5-fold increase in the percentage of thinly myelin-
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important to PNS health. Previous work
examining peripheral neuropathy in
Lpinl mutants focused solely on null al-
leles (Langner et al., 1991; Péterfy et al.,
2001; Nadra et al., 2008). Lpin1***** is a
partial loss-of-function allele resulting in
a significant reduction in PAP activity but
not the grossly visible adipose deficiency
or preweaning fatty liver seen in fld and
fld mutants (Péterfy et al., 2001). Ho-
mozygous Lpin°?*** mice display a 78%
reduction in PAP activity in adipose tis-
sue, which lacks all PAP activity in the ab-
sence of lipin-1 protein (Donkor et al.,
2007). The spontaneous Lpinl mutation,
fld”’, was found to retain 20% PAP activity
in an in vitro study (Harris et al., 2007);
however, fld” mutants share the same se-
vere adipose and hepatic phenotypes as fld
mice, possibly because of reduced protein
expression from the fld” allele or im-
paired nuclear localization of the fld” pro-
tein (Péterfy et al., 2001, 2005), which

8 weeks

Figure 7.

52 weeks

Sciatic nerve abnormalities visualized by electron microscopy. A4, Representative sciatic nerve cross-section from an

likely interferes with its function as a tran-
scriptional coactivator in hepatic cells
(Finck et al., 2006) and its role in inducing

8-week-old wild-type mouse. B—F, These sections from 8-week-old Lpin72°*%* mice are representative of the similar myelin
abnormalities observed in both pin12%%3 and double mutant mice. These abnormalities include myelin debris within Schwann
cells surrounding both myelinated (B-D, F, arrows), and demyelinated (E, arrow) axons. Compact myelin structures can also
observed within Schwann cells surrounding demyelinated axons (D, arrowhead). Myelin debris such as that visualized in B, D, and
F is observable at all time points, whereas the more extensive debris in € and E are limited to the 8 week time point. Fully
demyelinated axons are also present at 8 weeks (B, F, bullets). G, Representative sciatic nerve cross-section from a 52-week-old
wild-type mouse. H, I, These sections from 52-week-old Lpin 7265 mice are representative of both Lpin 72%%* and double mutants
at this age. The predominant feature is thinly myelinated axons (H, asterisks), although unmyelinated axons are still present

adipogenesis in adipose cells (Phan et al.,
2004; Péterfy et al., 2005). Because
LpinI***** mutants do not demonstrate
the severe hepatic and adipose defects
seen in fld and fl#” mutant mice, it is pos-
sible that the 20884 allele is deficient only
in PAP activity and experiences little or no

(I, bullet). Scale bars, 2 um.

ated axons compared with wild type was observed in both double
and Lpin1*°*** mutant nerves. Notably, this increase in hypomy-
elinated axons is concurrent with the reduction in the percentage
of unmyelinated axons, suggesting that the hypomyelinated ax-
ons are newly remyelinated. As expected given the significant
elevation in g-ratio, the percentage of hypomyelinated fibers was
further increased at 52 weeks to percentages fourfold higher than
wild type in the double and Lpin1°**** mutants. It is possible that the
elevated frequency of thin myelin sheaths is attributable to a contin-
uous low-level process of segmental demyelination followed by re-
myelination that never achieves wild-type sheath thickness.

No significant differences between Nrcam”*®* mutant and
wild-type nerves were noted. Finally, axon loss does not appear to
be a common feature in sciatic nerve sections of either the Lpinl
or double mutant, as no difference in axon numbers was ob-
served at any time point (Table 1). However, a distal axonal loss
cannot be excluded given the presence of atrophic fibers in mus-
cle pathology (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material). Together, these data suggest that
myelin repair contributes to the attenuation of the 20884 mutant
phenotype and that the phenotypic differences between the
Lpin1°”*** and double mutant mice are not attributable to ultra-
structural differences in their peripheral nerves.

Discussion

Investigation of the ENU-induced 20884 mutant, characterized
by transient adult-onset paralysis, has demonstrated an unex-
pected interaction between two genes, Lpinl and Nrcam, that is

reduction in transcriptional coactivation

activity. This might produce a defect in

phosphatidylcholine synthesis, required
for myelin turnover, or it might affect the relative signaling effects
of phosphatidate versus diacylglycerol (Brindley et al., 2009). The
latter proposal would be consistent with the recent study by
Nadra et al. (2008), which demonstrated that Schwann cells pre-
dominantly express the cytoplasmic isoform of lipin-1 and that
accumulation of phosphatidate, the PAP substrate, is responsible
for activating the MEK—ERK pathway, which is capable of both
interfering with myelination and causing demyelination. If the
20884 allele of Lpinl does preserve its transcriptional regulatory
functions, it may prove useful for separating out the downstream
effects of the two lipin-1 functions.

The differences between the fld and 20884 alleles may also
offer a clue to the mechanism behind the transient phenotype of
the Lpin1?*** mouse. The 20884 mutant protein has reduced
activity, whereas the fId allele produces no protein. Lpin3 is up-
regulated in fld livers in response to the absence of Lpinl (Donkor
etal., 2007), whereas this study demonstrates that Lpin1°°*** pro-
tein expression is upregulated in mutant adipose tissue. It is
therefore possible that the ability of the Lpin1°?*** mutant to
increase expression of the mutant protein to compensate for
lower enzymatic efficiency may account for phenotype ameliora-
tion not seen in the null. Additionally, should peripheral nerve
cells lack the ability to compensate for reduced PAP activity by
upregulating the other two lipin family members, the absence of
lipin-1 in fld mutant mice may explain why fld neuropathy is
progressive, as it lacks the ability to compensate for reduced PAP
activity.
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Table 1. Morphometric analysis
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Age (weeks) Genotype g-Ratio Myelin thickness (um) Axon diameter (um) Axon number?
4 Double mutant 0.751 = 0.009 0.592 = 0.029 338 +0.19 146.7 = 19.0
Lpin1 mutant 0.749 = 0.001 0.629 = 0.017 3.56 = 0.02 1313 £ 151
Nrcam mutant 0.737 = 0.016 0.655 = 0.067 352%0.12 138.3 £ 24.0
Wild type 0.730 = 0.019 0.647 = 0.054 3.31£0.07 137.0 = 9.6
8 Double mutant 0.758 = 0.009 0.624 = 0.052 3.79 = 0.26 M1.7 =214
Lpin1 mutant 0.746 = 0.018 0.607 = 0.048 346 =011 1153 £ 138
Nrcam mutant 0.746 = 0.035 0.753 £ 0.115 431 +0.16 89.0 =52
Wild type 0.765 = 0.012 0.633 = 0.008 3.92 +0.29 119.0 = 20.0
12 Double mutant 0.781 = 0.007 0.606 = 0.052 4.40 = 0.19 101.7 £ 14.2
LpinT mutant 0.782 = 0.006 0.612 = 0.034 436 * 0.46 101.7 = 32.5
Nrcam mutant 0.753 = 0.017 0.730 = 0.046 426 = 043 943 +18.0
Wild type 0.766 = 0.024 0.660 = 0.092 4.15 = 0.16 112.0 £ 10.6
52 Double mutant 0.790 = 0.006* 0.684 = 0.011* 537 =0.15 752 *+56
Lpin1 mutant 0.789 = 0.003* 0.643 £ 0.026* 513 £033 792 +98
Nrcam mutant 0.763 = 0.021 0.814 = 0.042 520 £0.29 69.6 £ 0.8
Wild type 0.752 = 0.008 0.849 = 0.039 517 =0.12 68.0 = 5.0
*Significant difference from wild type, p << 0.05. *Significant difference from Nrcam mutant, p < 0.05.
“Axons per 20 X 16.52 pum 2 section.
In humans, LPINI mutations have MDouble Mutant B
been found to result in recurrent myoglo- 16% =|-P'"1 Mutant — 25%
. . .. %) Nrcam Mutant £
binuria or statin-induced myopathy; £ 14% CIWild Type % 20%
however, these patients were not exam- & 12% -
ined for peripheral neuropathy (Zeharia g 10% £ 15%
et al., 2008). Further investigation is re- _g 8% %
quired to determine whether the reported 'S, 6% g 1%
difference in pathology between thehuman ~ E 4% 2 5y
and mouse disorders represents allelic or di- \3 2% =
agnostic differences. Additionally, the study 0% X 0%

4 weeks

of Lpinl may lead to a better understanding

of the high incidence of peripheral neurop-  Figure8.

8weeks 12weeks 52weeks

4weeks 8weeks 12weeks 52weeks

Percentage of unmyelinated and thinly myelinated axons. To quantify the extent of demyelination and remyelination

athy among diabetics (Yagihashi et al.,
2007). Several studies in humans have asso-
ciated LPINI expression with obesity
(Miranda et al., 2007), the metabolic syn-
drome (van Harmelen et al., 2007), and
insulin sensitivity (Donkor et al., 2008;
Reue and Brindley, 2008). Natural genetic
variation in LPINT has also been found to
associate with diabetes, hypertension

at each time point, the percentages of unmyelinated and thinly myelinated axons were calculated using the data obtained from
morphometric analysis of electron micrographs (n = 3 for each genotype at each time point). For the purposes of this analysis,
thinly myelinated axons were defined to be any axon with a g-ratio that fell above the 95th-percentile value of wild-type myelin-
ated fibers at a given age. 4, Both the double and Lpin 7265 mutants are characterized by increased percentages of unmyelinated
axons compared with wild type at 8 weeks of age (6.4- and 5.1-fold greater than wild type, respectively). Although a one-way
ANOVA determined there was a significant difference among the genotypes at 8 weeks, post hoc analysis failed to specify which
pairs were different. "Significant difference from wild type as determined by t test, p << 0.05. B, The number of thinly mylinated
axons was increased by >2.5-fold at 12 weeks and by 4-fold at 52 weeks in double and Lpin 7765 mutants compared with wild
type. The increase in thinly myelinated axons coincides with a decrease in demyelinated axons, indicating remyelination is occur-
ring. Significance was determined by one-way ANOVA at each time point. *p << 0.05. Error bars indicate SD.

(Wiedmann et al., 2008), and insulin lev-

els (Suviolahti et al., 2006; Loos et al.,

2007). Furthermore, a recent study in mouse has shown that
TORC?2, which is upregulated in liver during insulin resistance,
upregulates lipin-1, which intensifies insulin resistance by in-
creasing DAG signaling (Ryu et al., 2009). Additionally, loss of
Lpinl expression in Schwann cells is sufficient to cause peripheral
neuropathy (Nadra et al., 2008). Thus, hyperinsulinemia could
inhibit Schwann cell expression of lipin-1, thereby inhibiting my-
elin maintenance and repair; this suggests that neuropathy may
not be a secondary effect of diabetes. Further investigation of
lipin-1, in particular the Lpin***** mutation, which has little or no
effect on hepatic and adipose tissues, may provide new targets for
the treatment of diabetic neuropathy.

The second mutation identified from the 20884 strain is a trun-
cation mutation in Nrcam. Two Nrcam null allele knock-outs have
previously been described (Moré et al., 2001; Sakurai et al., 2001).
Consistent with the wild-type appearance of the Nrcam”**** null
mutant, the Nrcam knock-out mice do not demonstrate an ob-
servable phenotype. In the PNS, a brief delay in Na™ channel
clustering to the nodes of Ranvier before P10 was observed, but

conduction velocity was found to be similar to wild type (Custer
et al., 2003). The lack of an electrophysiological defect in the
Nrcam knock-out, however, is not inconsistent with the mild
conduction velocity reduction recorded in the Nrcam**** mu-
tant. In the knock-out study, conduction velocity was measured
in explants at P2, when nerve conduction is not yet expected to
function by means of mature saltatory conduction.

The presence of a mild conduction velocity defect in adult
Nrcam?*®** mutants indicates that NrCAM’s presence at ma-
ture nodes is of functional significance. NrCAM interacts with
Na™ channels via interaction with the voltage-gated sodium
channel subunit B1 (McEwen and Isom, 2004). NrCAM also
shares with Na™ channels an intracellular interaction with
ankyrin G, which may mediate NrCAM’s ability to cluster
Na™ channels during node formation (Lustig et al., 2001;
Custer et al., 2003). Therefore, as NrCAM is an integral com-
ponent of the peripheral node with multiple indirect physical
interactions with Na™ channels, the loss of NrCAM may neg-
atively impact the stability and electrophysiological properties
of the peripheral node.
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To investigate the contributions of the Lpin1?**** and
Nrcam®*®** mutations to the 20884 double mutant phenotype,
the behavioral, electrophysiological, and histological features of
the single and double mutants were examined. The Lpin1?%%%*
and double mutants share similar histological features in the sci-
atic nerve: normal initial development of myelin sheaths fol-
lowed by a process of demyelination that appears by 8 weeks
and shows signs of amelioration by 12 weeks, although the
significant increase in hypomyelinated axons by 52 weeks sug-
gests that a cycle of demyelination and remyelination contin-
ues at a subclinical level.

Unlike the Lpin1°?*** mutant, however, double mutants ex-
hibit muscle wasting in the hindquarters, resulting in hindlimb
paralysis. This dramatic behavioral phenotype is accompanied by
a reduction in sciatic nerve conduction velocity and CMAP am-
plitude that is of earlier onset and greater severity than that seen
in the Lpin17°%** mutant. At 8 weeks, the double mutant is distin-
guished by a CMAP amplitude significantly reduced by 70%, a
reduction indicating distal axonal loss or distal conduction block.
Although there is not a statistically significant difference when
compared with the Lpin1°?*** mutant’s 50% amplitude reduc-
tion, the reduced level of stimulation received by the double
mutant muscle may fall beneath a threshold required to pre-
vent atrophy, whereas the Lpin1°?*** mutant muscle receives
enough stimulation to experience only mild weakness
(Meisler et al., 2004).

The modifying effect of the Nrcam?®** mutation on the
Lpin1??®®* mutation appears unrelated to myelin stability, be-
cause of the similar histological features of the Lpin1°?*** and
double mutants. Perhaps there is a synergistic effect, whereby the
relevant consequences of NrCAM’s absence in the double mutant
may be observable only because of the demyelinating environ-
ment resulting from the Lpin1”?*** mutation. It is likely that
NrCAM plays the same role in Na™ channel clustering during
remyelination that it does during development. As a result, af-
fected axons in the double mutant may experience a slower reas-
sembly of the node during remyelination. Before the attenuation
of the Lpin1°?*** defect, the constant cycle of demyelination and
remyelination coupled with this relatively mild NrCAM impair-
ment could be responsible for the further drop in electrophysio-
logical function that results in muscle atrophy and paralysis.
Alternatively, NrCAM is known to be present on Schwann cells
during development (Grumet, 1997), and Nrcam mRNA expres-
sion is upregulated in the sciatic nerve after nerve crush (Naga-
rajan et al., 2002). Therefore, it is possible that NrCAM is present
in remyelinating Schwann cells and its absence in the double
mutant may result in abnormal signal transduction during remy-
elination (Falk et al., 2005) that could be further exacerbated by
deficiencies in lipin-1-related signaling.

In summary, although the underlying mechanism of the
20884 double mutant phenotype remains unclear, the benefits of
the concurrent appearance of the Lpinl and Nrcam mutations are
twofold: the identification of a novel Lpinl allele that further
emphasizes the effect of lipin-1 dysfunction on the PNS and may
provide insight into lipin-1’s multiple functions, and the demon-
stration of the functional importance of NrCAM in the adult
nerve undergoing a demyelinating event, which indicates that
NrCAM plays a greater role in maintaining nerve health than
previously recognized.
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