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Abstract

Charcot-Marie-Tooth disease (CMT) is the most commonly inherited neurological disorder with a prevalence of 1 in 2500 people
worldwide. Patients suffer from degeneration of the peripheral nerves that control sensory information of the foot/leg and hand/
arm. Multiple mutations in the neurofilament light polypeptide gene, NEFL, cause CMT2E. Previous studies in transfected cells
showed that expression of disease-associated neurofilament light chain variants results in abnormal intermediate filament
networks associated with defects in axonal transport. We have now generated knock-in mice with two different point mutations
in Nefl: P8R that has been reported in multiple families with variable age of onset and N98S that has been described as an early-
onset, sporadic mutation in multiple individuals. Nefi?®®* and Nefl®®¥"®R mice were indistinguishable from Nefl*’* in terms of
behavioral phenotype. In contrast, NeflN°* mice had a noticeable tremor, and most animals showed a hindlimb clasping
phenotype. Immunohistochemical analysis revealed multiple inclusions in the cell bodies and proximal axons of spinal cord
neurons, disorganized processes in the cerebellum and abnormal processes in the cerebral cortex and pons. Abnormal processes
were observed as early as post-natal day 7. Electron microscopic analysis of sciatic nerves showed a reduction in the number of
neurofilaments, an increase in the number of microtubules and a decrease in the axonal diameters. The NeflN°%* mice provide
an excellent model to study the pathogenesis of CMT2E and should prove useful for testing potential therapies.

Introduction peripheral myelin proteins. CMT2 is caused by mutations in

Charcot-Marie-Tooth disease (CMT) or hereditary motor and sen-
sory neuropathies are inherited peripheral neuropathies caused
by mutations in multiple genes (1-3). CMT is a prevalent disorder,
with ~1 in 2500 people affected in the general population. CMT is
caused by mutations in as many as 50 different genes and is gen-
erally divided into type 1 (CMT1) and type 2 (CMT2). CMT1 is pri-
marily a demyelinating neuropathy caused by mutations in

genes that affect the peripheral axon. The phenotypes are simi-
lar, but nerve conduction velocities are reduced in CMT1.
In CMT?2, the conduction velocities are fairly normal, although
compound muscle action potentials are reduced (4,5).
Causative mutations have been identified in ~40% of CMT2
patients (6), although the first CMT2 gene was not identified
until 2001. This is the neurofilament light polypeptide gene
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(NEFL) that encodes neurofilament light polypeptide (NFL), one of
the neuronal intermediate filaments (IFs) forming the major
cytoskeletal structure of the axon. Neuronal IFs consist of the
neurofilament triplet proteins (called NFL, NFM and NFH for neu-
rofilament light, middle and high), a-internexin and peripherin
(7). The first NEFL mutations shown to cause CMT2E were domin-
antly inherited and led to amino acid substitutions in the head
domain (P8R) and the rod domain (Q333P, now called Q334P) of
NFL (8,9). Since then, a total of 14 mutations in NEFL have been
reported in familial and sporadic cases of CMT. Although these
mutations are generally considered to cause CMT2E, there are a
number of cases of patients with NEFL mutations that resemble
CMT1 (8). In these cases, there was a pronounced slowing in
nerve conduction velocity, not generally observed in CMT2. In
addition, there are two reports of recessive mutations that
cause truncation of the NFL protein, resulting in loss of function
leading to a severe form of CMT (10,11).

Neurofilaments, like all IFs, are composed of three major
domains: an a-helical rod domain flanked by N-terminal head
and C-terminal tail domains (7). The a-helical rod domain is ne-
cessary for the formation of a coiled-coil dimer, which is the first
step in IF assembly. The head domain is generally considered
more important for filament formation than the tail domain
(12). The N98S mutation is in the rod domain, and transfection
studies have shown that abnormal structures are formed both
in the absence and in the presence of NFM (13). The P8R mutation
is in the head domain and also does not self-assemble into a fila-
mentous network. However, the mutant PSRNFL protein forms
abnormal bundled filamentous structures in the presence of
NFM in transfected cells (14). Both N98S and P8RNFL also disrupt
the normal formation of filaments in cultured cells expressing
wild-type (WT) NFL, consistent with the dominant inheritance
observed in patients. Neurons from human subjects with other
NEFL mutations have been reported to show giant axons, axonal
swellings and myelinated fibers consisting exclusively of micro-
tubules with few or absent neuronal IFs (15). In general, there ap-
pears to be a correlation between the effects of CMT2E-associated
NFL variants on neuronal IF misassembly when expressed in
transfected cells and the reported pathogenicity of the corre-
sponding NEFL mutations in patients (13). The P8R mutation
has been described in a number of families with variable ages
of onset and severity of symptoms. The N98S mutation is sporad-
ic with an early age of onset (8,10,16). The first reported N98S pa-
tient had an age of onset of <1 year and global developmental
delay (8). In a subsequent study, two cases were reported, one
with an age of onset of <1 year and another with an age of
onset of <2 years. In addition to delayed walking and gait pro-
blems, these two patients both had hearing problems and one
also had mental retardation (10).

These previous findings suggest that altered neuronal IF net-
works contribute to the pathogenic mechanisms leading to
CMT?2. However, no studies have been or can be done to correlate
anatomy or histology with disease onset in humans, and there
are no published autopsy reports of CMT2E patients. To circum-
vent this limitation, we have generated knock-in mouse models
for CMT2E with the P8R and N98S Nefl mutations.

Results
Generation of Nefl P8R and N98S knock-in mice
We chose to generate mutations in the orthologous mouse Nefl

gene using a knock-in strategy (Fig. 1A). This approach is ‘physio-
logical’ in that the mutant allele is expressed at normal endogenous

levels. We obtained multiple founders for the Nefl?®¥* and NefiN*s5"*
mouse lines (Fig. 1B). Mice of both lines were fertile and have been
backcrossed with C57BL/6 Nefl** mice for six generations. The
Nefl®®®* mice have also been bred to homozygocity (Nefl?5*/FeR),
Brains and spinal cords of the mice were analyzed to determine
whether there were any large changes in mRNA and protein levels
of the NFL variants. No significant changes in mRNA levels were
observed in the NeflN®®* mouse lines by RT-PCR experiments
(Fig. 1C). NFL protein levels were lower in the brain and spinal
cord of all the mutant mice, with the greatest decrease (50-60%)
in Nefl"®*"%R mice compared with Nefl”’* mice (Fig. 1D and E).
There was also an ~30% decrease in total NFL protein in the brains
and spinal cord of the NeflN*%* mice. The level of total NFL protein
levels in the sciatic nerves of the NeflN?®5* mice exhibited a de-
crease of ~80% compared with the WT mice. Since no specific anti-
bodies to the mutant proteins are available, these results only
showed differences in total (mutant and WT) NFL protein.

Nefl**8%* mice have abnormal hindlimb posture

and tremor

NefIN985* | Nefl?®®* and Nefl”®®*8R mice all had normal growth
rates and lifespans and were able to reproduce. The NeflN85/+
mice showed a noticeable tremor and abnormal hindlimb posture
that varied from a hitching motion when lifted by the tail to clasp-
ing (Fig. 2A and B). There were no differences between male and
female animals. More than 85% of the NeflN**"* animals showed
tremor and >50% of the NeflN*/* animals showed the clasping
phenotype (Fig. 2C and D). To determine the age of onset that
the animals start to shake and clasp, we pooled the mice at ages
1-3 months, 4-9 months and >9 months and found that the symp-
toms were already apparent at the earliest age tested and per-
sisted throughout (Fig. 2C and D). To determine whether lack of
complete penetrance of the phenotypes was due to the genetic
background, we backcrossed the mice with C57Bl/6 WT mice
more than six generations and tested these animals. For mutant
mice of the C57BL/6 background, 97% were shaking, which was
more than the 82% of the mice on a mixed background (Fig. 2E).
There was no clear difference in the percentage of animals that
were clasping (mixed: 56%; backcrossed: 49%) after backcrossing
(Fig. 2F). In contrast to the marked phenotypes in the NeflN%5/+
mice, the Nefi®™®* and Nefl"®¥P®R mice were indistinguishable
from Nefl*/* mice with regards to both shaking and clasping up
to 2 years of age.

Mutant N98S NFL protein forms aggregates
in the spinal cord

Labeling of sections from spinal cord of 18-month-old mice with
anti-NFL antibody showed abnormalities both in the anterior and
in the posterior regions of the spinal cord (Fig. 3). In both regions
of the NeflN985* mice, we observed neurofilamentous aggregates
in the neuronal cell bodies in the gray matter (GM) (Fig. 3B
and D), which were not stained with anti-NFL in Nefl*’* mice
(Fig. 3A and C). Axonal processes were stained in the white matter
(WM) of the Nefl*”* mice (Fig. 3A and C), but there was compara-
tively little axonal labeling in the NeflN°®5'* mice, except that large
neurofilament positive aggregates could be observed (arrows). In
contrast, no aggregates were observed in either the Nefl™®¥* or
NeflP8*/P8R mice at 18 months of age (Supplementary Material,
Fig. S1), although the intensity of labeling appeared to be lower
in sections from these mice compared with sections from the
Nefl** mice, consistent with the somewhat lower levels of total
NFL protein (Fig. 1). The aggregates in the spinal cords of the
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Figure 1. Generation of Nefl P8R and N98S knock-in mice. (A) Strategy for generating the knock-in mice: a targeting vector containing the point mutation in the first exon of
Nefl, and a Loxp-Neo-Loxp cassette inserted in the first intron was constructed and used to generate the knock-in mice. The targeted allele could be differentiated from the
WT allele by PCR using the 4F and 4R primers. (B) Ethidium bromide-stained agarose gel of PCR analyses of the F1 mice showing the WT and targeted (L83 (N98S)) alleles;
five of the nine animals showed both alleles, the other four were WT. (C) RNA was isolated from brains and spinal cords of Nefl*/*, Nefl"®¥/* Nefl?®*P8R and NeflV*%* mice and
the amount of NFL mRNA was quantified by RT-PCR and compared with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. Ratios of NFL. mRNA and GAPDH
mRNA for the different genotypes are shown. Experiments were repeated with three sets of animals. (D) Western blots of brain, spinal cord and sciatic nerve from Nefl*/*,
NeflP®*/+) Nefi"®*/FER and NeflN*®%/* probed with anti-NFL-N antibody and anti-GAPDH. (E) Ratios of NFL/GAPDH from the western blots shown in D. (Brain: Nefl*’*: n=10;
Nefl*®%/*: n = 9; NeflP8R/PER: 1 = 10; NeflN%5/+: n = 9; Spinal cord: Nefl*: n = 10; Nefl*®¥*: n = 9; Nefl"®*?&R: n = 10; NeflN%%/*: n = 9; Sciatic nerve: Nefl*’*: n=9; Nefl™®®*: n=§;
NeflPER/PER: y = 9; NefiN985/+: n = 7). Significance was calculated using a one-tailed, type 3 t-test in excel (*P <0.05, ***P < 0.001, ****P < 0.0001).



2166 | Human Molecular Genetics, 2015, Vol. 24, No. 8

49 9

1-3
Age at Testing (months)
E % Shaking
100
& 80
£ 60
E “ Mixed
og 0 : “Backcrossed
20
0 p——
N98S WT

Figure 2. Abnormal hindlimb posturing and tremor in Nej
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N985+ mice. (A) Photograph of Nefl”* mouse showing normal hindlimb posturing when suspended by its tail.

(B) Photograph of NeflN**$* mouse showing abnormal hindlimb posturing (clasping) when suspended by its tail. (C) Percentages of Nefl**%* mice (blue bars) and Nefl*’*
(WT) mice (red bars) that were shaking in different age groups. (D) Percentages of Nefl"?*>* mice (blue bars) and Nefl’* (WT) mice (red bars) demonstrating hindlimb
clasping in different age groups. (E) Blue bars: percentage of mice that were shaking before backcrossing to C57Bl6 mice five times; red bars: percentage of mice that
were shaking after backcrossing five times. The proportion of NeflN>®* mice that exhibited shaking increased after backcrossing. (F) Red bars: percentage of mice

showing hindlimb clasping before backcrossing to C57B16 mice five times; red bars: percentage of mice that show hindlimb clasping after backcrossing. (Nej

N98S/+.

before backcrossing n =71, after backcrossing n = 33; Nefl*/*: before backcrossing n = 179; after backcrossing, n=52).

Nefl*’* mice were also positive for NFM (Supplementary Material,
Fig. S2A and B).

Neurofilamentous aggregates in the dorsal root ganglia

Immunolabeling of dorsal root ganglia from 1-year-old mice with
anti-NFL antibody shows cell body and process labeling in sec-
tions from WT mice (Fig. 4A and C). At high power, the cell body
labeling appears to be filamentous (Fig. 4C). In contrast, the axonal
labeling of the NeflN°®5"* mice was discontinuous and showed the
presence of aggregates (Fig. 4B). In the cell bodies, the labeling pat-
tern also showed discontinuous aggregates (Fig. 4D). The labeling
pattern of NFM was the same as that of NFL (Supplementary
Material, Fig. S2C and D). Labeling of the axons with NFM was
also coincident with the NFL labeling (not shown).

Cerebellar abnormalities in NeflN®®5/+ mice

We observed abnormal labeling with inclusions and abnormal
processes in the cerebellum of an 18-month-old NefiNo%/+

mouse (Fig. 5). In WT animals, we observe Purkinje cell processes
in the granular layer and basket cells processes around the Pur-
kinje cell bodies that are all stained with anti-NFL (Fig. 5A). In
contrast, we observed abnormal NFL-positive processes through-
out the granular layer, with little labeling of the axons in the WM
tract in the cerebella or the basket cell processes of the NeflN?85/*
mice (Fig 5B). The abnormal processes in the granular layer were
reminiscent of cerebellar torpedoes that we previously observed
in transgenic mice that overexpressed a-internexin (17). Cerebel-
lar torpedoes are observed in the axons of the Purkinje cells and
their presence correlates with essential tremor in humans (18). In
a-internexin transgenic mice, abnormal filamentous inclusions
in torpedoes correlated with malfunctioning and degeneration
of Purkinje cells (17). To determine whether the abnormal pro-
cesses in the cerebellum of NeflN%%* mice were torpedoes in
the Purkinje cell axons, we performed double labeling with
anti-calbindin, which labels Purkinje cells and their processes
(19). Double labeling with anti-NFL and anti-calbindin antibodies
suggested that the abnormal processes were not cerebellar torpe-
does, but rather other disorganized processes in the cerebellum
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Figure 3. Immunofluorescence micrographs of sections of spinal cord stained with anti-NFL-N antibody showing inclusions in NeflN°*>* mice. (A) Section of anterior horn

of 18-month-old Nefl*”* (WT) mouse. (B) Section of anterior horn of 18-month-old Nefl"*%* (N98S) mouse. (C) Section of posterior horn of 18-month-old Nefl*’* (WT) mouse.
(D) Section of posterior horn of 18-month-old mutant Nefl"93%* (N98S) mouse. WM of Nefl"* mice shows axonal labeling, whereas there is relatively little labeling in the cell
bodies of the GM in both the anterior and posterior horns. In contrast, there was relatively little labeling in the WM of Nefl"**%* mice, except for the inclusions (arrow),
which are likely due to axonal swellings. Inclusions are also observed in the GM in both the anterior and posterior sections (arrows). Bars = 50 um.

Figure 4. Immunofluorescence of sections of dorsal root ganglia showing abnormalities in Nefl>*>* mice. (A and C) Labeling of dorsal root ganglia of WT mice; (B and D)
Labeling of dorsal root ganglia of Nefl">*** mice. The cell bodies of the DRGs are stained with anti-NFL, and aggregates in the cell bodies can clearly be seen in the sections
from the NeflN*** mice. The processes from the Nefl*®¥* mice show a discontinuous staining with apparent aggregates. Bars (A and B) = 100 pum; (C and D) = 25 pm.
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Figure 5. Immunofluorescence micrographs of sections of cerebellum showing abnormalities in Nefl"*¥* mice. (A) Labeling of the cerebellum of 18-month-old Nefl*’* (WT)
mouse with anti-NFL-N antibody. (B) Labeling of the cerebellum of 18-month-old Nefi¥°*s* (N98S) mouse with anti-NFL-N antibody. Note labeling of the WM tract in the
Nefl** mouse compared with the irregular labeling and the absence of the WM tract in the cerebellum of the Nefl">*>* mouse (arrows in A and B). There are also abnormal

processes in the granular layer (GL) in the cerebellum of the NeflN*8%/+

mouse. (C and D) Double labeling of cerebellar section from 18-month old Nefl** mouse with anti-

NFL-N (green) and anti-calbindin (red) antibodies. (E and F) Double labeling of cerebellar section from 18-month-old Nefl”’* mouse with anti-NFL-N (green) and anti-
calbindin (red) antibodies. Arrows indicate labeling of basket cell axons around the Purkinje cells in WT mice (C). In NeflN**3* mice, note the absence of basket cell
process labeling (arrow) and the swellings in the GL of the cerebellum (E). The absence of calbindin labeling (F) suggests that they are not Purkinje cell processes but

rather disordered basket cell processes. Bars =50 um.

(Fig. 5C-F). In the Nefl™®®* mice, we did not observe any abnormal
processes in the cerebellum. We also stained the pons and cere-
bral cortex of the Nefl*/* and NeflN°®* mice. In the pons, the
strong axonal labeling observed in sections from a Nefl*/*
mouse was not observed in sections from a NeflN®*5* mouse.
Instead there appeared to be punctate labeling throughout
these processes (Supplementary Material, Fig. S3). There also
appeared to be more punctate labeling in the cerebral cortex
NefIN98+ compared with Nefl*”* mice, although there were no ob-
vious inclusions (Supplementary Material, Fig. S4).

Developmental study of the NeflN°®5/* mice

The firstimmunohistochemical analyses were performed on sec-
tions from 18-month-old mice. However, because symptoms can
be seen as early as 1 month, we performed labeling on the spinal

cords and cerebella of mice at several different ages. Differences
in the spinal cord were observed as early as 7 days, and they ap-
peared to progressively worsen with age. In both the anterior and
posterior spinal cords of 7-day-old mice, there was less labeling
in the WM of the mutant animals compared with Nefl*’* (Fig. 6).
In the GM, we observed NFL labeling in cell bodies in the
NefiN8%+*animals, which was not observed in the Nefl*’* mice
(Fig. 6A and B). These results suggest that neurofilaments started
to accumulate in the cell bodies at this age, although they were
not forming aggregates. There was some labeling in the WM of
the posterior section, although the labeling was not as extensive
as in sections from a Nefl*/* mouse (Fig. 6C and D). In sections
from a 4-month-old NeflN*®%* mouse, we observed less labeling
in the WM and more dotted labeling in the GM. We also discerned
some cell bodies with strong neurofilament labeling (Supple-
mentary Material, Fig. S5). We did not observe as many inclusions
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Figure 6. Immunofluorescence micrographs showing labeling of a post-natal day 7 spinal cords of Nefl*/* (WT) and Nefl"*%/* (N98S) with anti-NFL-N antibody. (A) Section of
anterior horn from Nefl** mouse. (B) Section of anterior horn from Nefl"**** mouse. (C) Section of posterior horn from Nefl*’* mouse. (D) Section of posterior horn from
NeflN°¥* mouse. Arrows in A and B indicate the abundant axonal labeling of the WM of the Nefl*’* sections, which is reduced in the Nefl"*** sections. In the GM, axonal
tracts can be observed in Nefl*/* sections (arrows, C), whereas prominent cell body labeling is observed in the posterior horn section from the Nefl"**%* mouse (arrows, D).
Bars =50 um.

¥

N98S -7 days ~

N98S - 1 month # - N98S - 4 months

Figure 7. Immunofluorescence micrographs showing labeling with anti-NFL-N antibody of sections of cerebella from Nefl"* and Nefi¥°**/* mice of various ages. (A) Section
of cerebellum from a 7-day-old Nefl*’* (WT) mouse. (B) Section of cerebellum from a 7-day-old NeflN*%+ (N98S) mouse. (C) Section of cerebellum from a 1-month-old
NefIN%85/+ (N98S) mouse. (D) Section of cerebellum from a 4-month-old Nefl¥*%* (N98S) mouse. GL, granular layer. Arrows point to the white matter tracts. Bar = 50 um.

in spinal cords of the 4-month-old NefiN®®5* as in the 18-month- (Fig. 7A and B). There was less labeling in the WM tracts of the
old NefiN®85* animals. NeflN®85/+ mice, with punctate labeling in the internal granule
When we examined the cerebella of 7-day-old mice, we layer. Purkinje cell bodies also appear to be stained. In sections

noticed a clear difference between Nefl*’* and NeflN%%* mice from 1-month-old mice, we observed more punctate labeling in



2170 | Human Molecular Genetics, 2015, Vol. 24, No. 8

the internal granular layer, although there was still some WM la-
beling (Fig. 7C). There was no labeling of Purkinje cell bodies. By 4
months of age, there were no clear differences between the label-
ing patterns of anti-NFL staining of the cerebella of NeflN*®%* and
the 18-month-old NeflN°*s* mice (Fig. 7D).

Aggregates of N98S NFL result in the lack of
neurofilaments in sciatic nerve and decreased
axonal area

Western blots suggested that there was less NFL protein in the
sciatic nerves of the NeflN9* mice. We therefore performed an
electron microscopic analysis of sciatic nerves of 1-year-old ani-
mals. As can be seen in the low-power images (Fig. 8A and B),
there were fewer neurofilaments in the nerves of the NeflN*s/*
mouse compared with Nefl*’* mice and the axon diameters
appeared to be smaller. At higher power (Fig. 8C and D), it can
be seen that the predominant structures in the nerves of the
NeflN%8* mouse (Fig. 8D) were microtubules rather than the
abundant neurofilaments that can be observed in the Nefl*/*
mice (Fig. 8C). These results were in agreement with the immu-
nohistochemistry showing that the neurofilaments were primar-
ily in the cell bodies of the neurons, where they formed
aggregates. In contrast, neither the Nefl®®* nor Nefl"®*?®R mice
showed any significant changes in the density of neurofilaments.
Unmyelinated axons in the sciatic nerve typically have more

microtubules and fewer neurofilaments than myelinated axons
(20,21). Electron microscopic analysis of the unmyelinated
axons shows that in sections from NeflN?®S/* mice, we still see
the presence of IFs (Supplementary Material, Fig. S6).
Neurofilament number is usually well correlated with axonal
diameter (20,21). We therefore determined the distribution of the
axon area for the Nefl*’*, NeflN°%%/* and Nefl?®¥* mice. There were
no significant differences between the diameters of the axons of
the Nefl** and Nefl™™* mice, but the axons of the NeflN®'* mice
were considerably smaller (Fig. 9). To determine whether the
myelin/axon ratios of the sciatic nerves of the NeflN*'* mice
were changed compared with the Nefl*’* mice, we calculated
the average g-values (fiber area/axon area) for each of the pheno-
types (Fig. 9). NeflN°®* mice had considerably higher g-values
compared with the both the Nefl*’* and Nefl®®* mice. Using a
Kolmogorov-Smirnov (KS test), we confirmed that there was a
statistically significant difference between the Nefl*’* and the
NeflN®8*mice (P <0.001). There was no statistically significant
difference between the Nefl*’* and the Nefl™®*mice (P> 0.05).

Discussion

Mutations in NEFL have clearly been linked to CMT2E. The muta-
tions are dominant and span the entire molecule (1). In addition,
two recessive mutations resulting in loss of NFL protein cause a
severe form of CMT (10,11). Previous studies have produced two

Figure 8. Electron micrographs of sciatic nerves from Nefl*’* and NeflN** mice. (A and B) Low power views of section of sciatic nerves from Nefl"””* mouse (A, WT) and
NeflN°%5"* mouse (B, N98S). (C and D). High power views of sciatic nerves from Nefl*’* mouse (C, WT) and Nefl"**¥* mouse (D, N982). At low power (A and B), differences
in axon diameter can be observed. At high power (C and D), neurofilaments can be seen in the section from the Nefl”’* mouse (C, shown in cross-section) that are
missing in the sections from the Nefl>*** mouse, where they are replaced with microtubules (D). Three sets of animals were analyzed. Bars A and B=2 ym; C and

D =100 ym.
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Figure 9. Axon size distribution and g-ratios based on the electron micrographs. (A) G ratio = fiber area/axon area. Axon and fiber areas were measured using the magic
wand tool set to scale in Image]. (B) Nefl"’* and Nefl"®®* mice show similar distribution of axon sizes, with axons >9 pm? occupying the greatest percentage of the sample
measured. Nefl"*** mice show a different pattern of axon size distribution, with a greater percentage of axons with smaller areas. (C) Cumulative distribution of axon
areas measured in Nefl*/* and Nefl™®* mice. The distributions are not significantly different (Kolmogorov-Smirnov KS test P> 0.05). (D) Cumulative distribution of axon
areas measured in Nefl*/* and NeflN®"* mice. The distributions are significantly different (Kolmogorov-Smirnov KS test P < 0.001). (E) Nefl*’* and Nefl"®™* mice show similar

g-ratios axon sizes. NeflN%85/+

mice show a much higher g-ratio, indicating that there is more myelin on the axons of the Nefl">*** mutant mice; Nefl"’* n = 215, NeflN9s5/+

n =192, and Nefl"®®* n = 100. Data were pooled from the results from three different mice.

different mutant mouse models with CMT-linked NFL altera-
tions. The Julien laboratory generated mice in which P22S
human NFL was expressed under control of a tetracycline-
responsive gene system (22). These mice showed aberrant hind-
limb posture, hypertrophy of muscle fibers and loss of muscle
innervation without neuronal loss. The symptoms were revers-
ible when the mutant gene was turned off, suggesting that ther-
apies aimed at abolishing the abnormal NFL might actually revert
the disabilities. However, symptoms were not readily apparent
until the mice were 9 months of age. Furthermore, expression
of human NFL was <50% of the endogenous WT murine NFL,
whereas in the autosomal dominant human disease one would
expect that the mutant protein level would be similar to that of
WT hNFL. The Garcia laboratory has generated a mouse with
an E397K NFL mutant under control of the hNFL promoter (23).
In this mouse, symptoms were first observed at 4 months, with
aberrant hindlimb deformities, reduced locomotor activity and
muscle atrophy. Expression of the human NFL variant was also

<50% of endogenous NFL in this transgenic mouse. No inclusions
were observed in either of these two mutant mouse models.
We decided that the best way to model the disease was to use
a knock-in strategy, replacing one of the copies of the ortholo-
gous mouse Nefl gene with a mutant allele. We focused on two
different mutations. The P8R mutation in the head region of the
neurofilament protein is one of the first described mutations and
has been identified in a number of families. The age of onset of
the disease for patients with the P8R mutations is quite variable
but usually in the second or third decade of life. In contrast, the
N98S mutation in the rod region of NFL has been described only
in sporadic cases with an age of onset of <2 years. Consistent with
the early age of onset of the human patients with this mutation,
the mutant NeflN®5* mice were symptomatic at an early age.
Similar to human patients with the N98S mutation, the
symptoms in the NeflN®®* mouse were observed quite early.
A distinct tremor could be observed as early as 1 month of age.
By immunohistochemistry, we were able to observe abnormal
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neurofilamentous aggregates labeling in both the cerebellum and
the spinal cord as early as post-natal day 7. In addition, more
than half of the animals showed hindlimb clasping. In contrast,
the Nefl®®¥* and the Nefl™ "®R mice had no observable symp-
toms, but the Nefl®®¥*8R had a clear reduction in the amount of
NFL protein, suggesting that this variant protein may be less
stable or targeted for degradation. A slow loss of NFL protein in
patients with the P8R mutation could account for the late onset
symptoms, which would not be observed in an animal with a
relatively short lifespan.

There were few if any neurofilaments in the myelinated axons
of the sciatic nerves of the NeflN*®* mice. Instead the nerves
were filled with microtubules. The presence of microtubules ra-
ther than neurofilaments in neurons of NeflN*®’* mice suggests
that these cytoskeletal elements may have compensated for
the lack of IFs. Similar results have been observed in the axons
of Nefl”~ mice (24). The average size of the axons was decreased,
but the g ratio (ratio of the area of the axon and the axon plus
myelin) showed that these although reduced in size, the axons
had normal myelin thickness. The unmyelinated axons still
show the presence of IFs. Some of these unmyelinated axons
are known to contain peripherin as their major IF protein (25),
and the mutant N98S NFL may not be present in sufficient
amounts in these axons to disrupt the filaments. Knock-out of
peripherin in mice also results in a decreased number of unmye-
linated fibers, suggesting that it is the primary IF in these fibers
(26). The motor neurons of peripherin knock-out mice can be res-
cued by the overexpression of NFH, showing the interdepend-
ence of these neuronal IFs (27) that can all polymerize together
to form IFs (28). The striking absence of any neurofilaments in
the myelinated axons of the sciatic nerve of the NeflN*%* mice
is similar to the results obtained by two different mouse models,
the Nefl™~ (24) and the NFH-LacZ mice that lacked neurofila-
ments in the axons (29). One key difference is that the NeflN985/+
mice have a tremor and show hindlimb clasping, symptoms
that were not observed with the other mouse models. These
studies suggest that the mutant protein has additional deleteri-
ous functions, perhaps as a result of the formation of aggregates
in the cell bodies, as well as effects on other organelles and axon-
al transport. We have previously shown in transfected neuronal
cells that CMT-linked mutant NFL proteins cause defects in retro-
grade and anterograde axonal transport, including mitochon-
drial transport, as well as fragmentation of the Golgi (30).
Defects in mitochondria and axonal abnormalities have also
been shown to precede the disruption of the neurofilament net-
work in another study (31). The absence of neurofilaments in the
sciatic nerve suggests that the filaments are trapped in the cell
body and not transported into the axon. The exact nature of the
aggregates is still a matter of debate. Electron microscopic studies
that have been performed on neurofilamentous inclusions usual-
ly show the presence of tightly packed neurofilaments, rather
than broken aggregated filaments (17). The exact consequences
of the presence of neurofilamentous aggregates can be variable.
In the absence of NFL, overexpression of human NFH resulting
in aggregates in transgenic mice caused motor dysfunction, but
no motor neuron death. In contrast, overexpression of peripherin
resulted in toxic inclusions (32). The difference in phenotype be-
tween the neurofilament knock-out mice (24), which have very
mild symptoms, and the NeflN°®%* mice reported here also sug-
gest the deleterious effects of the presence of neurofilamentous
aggregates.

The tremor that we observe for the Ne mice could be
due to the effects of the mutant neurofilament in either the
spinal cord or the cerebellum. Immunostaining of the cerebella

N98s/+

of the NeflN9®%/* mice with anti-NFL showed disorganized pro-
cesses as well as some axonal swellings. Purkinje cell bodies
were not affected and double labeling with calbindin antibody
showed that Purkinje cell processes were quite normal. Abnor-
mal neurofilament labeling in the cerebellum could be seen as
early as P7 for the NeflN%®* mice.

The only differences that we observed in the the Ne or
the NeflP8®/PER mice was 3 Jower expression of NFL protein. The
lack of any other obvious abnormalities in the Nefl™®¥* or the
NefIP8R/PER mice g somewhat surprising, especially given that
this mutation can result in a rather severe form of CMT1 (8). How-
ever, the severity of symptoms in humans varies considerably, so
it is likely that genetic background will play a role in the severity
of the symptoms seen in mice. Furthermore, additional behavior-
al assays may reveal abnormalities that we have not observed
with our limited assays. One other surprising result is that the
phenotype of the NeflN®* mice did not progress in severity
with further aging. One simple possibility is that the mice live
in a rather stress-free environment and that they would do
worse in other tests. We have also not quantified neuronal
death in these animals as they age. One should further note
that NFL knock-out mice have quite a mild phenotype and a nor-
mal lifespan. In fact, the NeflN®$* mice have a much more obvi-
ous phenotype. In contrast, humans with no NFL have a much
more severe type of CMT than humans with the various muta-
tions (10,11).

In summary, we report on two different knock-in mice with
mutations in Nefl linked to CMT2E. Neither the Nefl"*®* nor the
Nefl?®®P8R mice had a strong phenotype. In contrast, NeflN985/+
mice showed multiple symptoms. In contrast to the P8R mutant
mice, NeflN®8+ mice had neurofilamentous inclusions in neur-
onal cell bodies and axons. There were abnormal neuronal IF net-
works in the cerebellum and the spinal cord as early as post-natal
day 7. These results demonstrate a correlation between the for-
mation of neuronal IFs aggregates and phenotype severity. Fur-
thermore, the phenotype of the NeflN®$/* mice is consistent
with the early onset of symptoms in patients with this particular
mutation, which is in contrast to the later onset of symptoms in
patients with the NEFLP®** mutation. Finally, these mice will ul-
timately be very useful in testing of potential therapies for this
disease.

P8R/+

Materials and Methods
Generation of Nefl P8R and N98S knock-in mice

We used recombination-mediated genetic engineering or recom-
bineering to construct vectors for manipulation of the mouse
genome (http:/recombineering.ncifcrf.gov/). We obtained a bac-
terial artificial chromosome (BAC) clone that spans the entire
murine Nefl gene and modified it using BAC recombineering tech-
nology in the following manner: CCG>CGG (P8R) or AAC>AGC
(N98S) mutations were introduced into the first exon of the Nefl
gene and a LNL (Loxp-Neo-Loxp) cassette was inserted in the in-
tron downstream of this exon to generate the ‘P8R (or N98S)/neo’
Nefl allele on the BAC. The introduced mutations were verified by
DNA sequencing. Gene-targeting vectors were constructed by re-
trieving a 5 kb homology arm (5’ to LNL), LNL and a 2 kb short
homology arm (end of LNL to 3’) into a plasmid vector carrying
the diphtheria toxin alpha chain (DTA) negative selection mark-
er. The LNL cassette conferred G418 resistance during gene tar-
geting in KV1 (129B6 hybrid) embryonic stem (ES) cells, and the
DTA cassette provided an autonomous negative selection to
reduce the random integration event during gene targeting.
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Several targeted ES cells were identified and injected into C57BL/6
blastocysts to generate chimeric mice. Male chimeras were
crossed to homozygous Ella (cre/cre) females (C57BL/6 back-
ground) to transmit the P8R or N98S Nefl allele (with the neo cas-
sette removed by Cre recombinase) through the germline. Female
mice (F1 generation, likely mosaic) carrying P8R or N98S Nefl al-
leles were then crossed to WT C57BL/6 male to transmit the
P8R or N98S Nefl allele to the F2 generation.

RT-PCR and western blotting

Animals were sacrificed by CO, asphyxiation, and their brains,
spinal cords and sciatic nerves were isolated. To examine NFL ex-
pression by RT-PCR, total RNA from mouse tissues was isolated
with TRIzol reagent (Invitrogen), reverse-transcribed with Super-
Script II polymerase (Invitrogen) and the resulting first-strand
DNA was amplified with forward primer and reverse primer. To
normalize the results, glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH) was amplified at the same time and ratios were
taken between the NFL and GAPDH signals. Total RNA from
mouse tissues was isolated with the RNeasy Plus mini kit (Qia-
gen, Valencia, CA, USA) and treated with RNase-Free DNase Set
(Qiagen) according to manufacturer’s instructions. RNAs of WT
NFL, P8R and N98S were reverse transcribed and a fragment
was amplified using OneStep RT-PCR kit (Qiagen).

For western blotting, tissues were homogenized in ice-cold
phosphate-buffered saline (PBS) containing 8 M urea and centri-
fuged in a tabletop microcentrifuge. Concentrations were deter-
mined using the Coomassie Protein Assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). Ten to twenty-five micrograms
of brain and spinal cord protein and 20-25 pg of sciatic nerve pro-
tein were separated by SDS-PAGE and transferred to Immobilon-P
membrane (Millipore). The membranes were blocked with 5% fat-
free milk in PBS/1% Tween-20 and incubated with primary anti-
bodies in blocking solution overnight at 4°C. After washing with
PBS/Tween-20, the membrane was incubated with secondary
antibodies for 1 h, washed with PBS/Tween-20 and PBS, and the
immunoreactive proteins were visualized on the Odyssey infra-
red scanner (LICOR Biosciences). Intensities of the blot signals
were measured in arbitrary units using Image]J. NFL protein levels
were calculated as a ratio between NFL blot signal and the loading
control (GAPDH). These ratios were then normalized to WT levels
and averaged across gels. Protein samples were collected from
two sets of mice and run on gels in triplicate. (Brain: WT: n=10;
P8RHet: n=9; PBRHomo: n=10; N98S: n=9; Spinal Cord: WT: n=
10; P8RHet: n=9; PSRHomo: n=10; N98S: n=9; Sciatic Nerve:
WT: n=9; P8RHet: n =8; PBRHomo: n=9; N98S: n =7). Significance
was calculated using a one-tailed, type 3 t-test in excel (*P < 0.05,
*P <0.01, **P <0.001, ***P < 0.0001).

Antibodies

A rabbit polyclonal anti-NFL antibody was previously generated
against a 20 amino acid synthetic peptide corresponding to the
N-terminus of NFL (anti-NFL-N) (33). The specificity of the label-
ing was verified using a monoclonal anti-NFL NR4 antibody from
Abcam (Cambridge, MA, USA). Anti-GAPDH was purchased from
EnCor Biotechnology Inc. (Gainesville, FL, USA) and anti-
calbindin D-28k was obtained from SWANT (Switzerland). Alexa-
Fluor-594-goat anti-mouse IgG (H+L) and AlexaFluor-488-goat
anti-rabbit IgG (H+L) were used as secondary antibodies for the
labeling. 926-68171 IRDye® 680RD Goat anti-Rabbit 1gG (H+L)
(LICOR) and 827-08364 IRDye 800CW Goat anti-Mouse IgG (H+L)
(LICOR) were used as secondary antibodies for western blots.

Human Molecular Genetics, 2015, Vol. 24, No. 8 | 2173

Labeling

Mice were anesthetized with isofluorane and perfused with 4%
paraformaldehyde (PFA) in PBS (pH 7.4). The brain, a section of
the spinal cord and the dorsal root ganglia were removed and
post fixed in 4% PFA for 2 h before being transferred into PBS. Tis-
sue samples were then embedded in paraffin and cut into 5 pm
sections. Sections were incubated at 58°C for 1 h and rehydrated
[xylene 10’ x 2, 100% ethanol 10’ x 2, 95% ethanol 5, 75% ethanol
5’,50% ethanol 5, distilled H20 3, [PBS with 0.1% Tween-20 (PBST)
5’ x 2]. For antigen retrieval, slides were placed in preheated Tryl-
ogy for 30". Sections were rinsed again with PBST and were
blocked for 30’ with 10% goat serum in PBS/Tween-20. Overnight
incubation was performed at 4°C with primary antibodies (NFL-N
polyclonal, 1:1000; Calbindin monoclonal, 1:500). The following
day, sections were brought back to room temperature, rinsed
with PBS/Tween-20 (8’ x 2) and incubated for 30’ with two anti-
bodies (Goat-Anti-Rabbit & Goat-anti-mouse, H+L chain, 1 : 1000).
Slides were mounted using Aquamount and digital images were
taken with a Zeiss Axioplan 2 microscope equipped with camera
AxioCam with Axiovision software (Zeiss).

Shaking and clasping assays

Mice were held upside down by the tail for a 30 s interval. An
observer noted any shaking or clasping during this interval. To
prevent bias, the tester was not aware of the genotype of the mice.

Electron microscopy

Animals were anesthetized and perfused with 4% paraformalde-
hyde and 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4.
Tissue blocks were immersed in the same fixative for 24 h at
4°C, rinsed in cacodylate buffer and post-fixed in 1% osmium tet-
roxide for 2 h. After three washes with cacodylate buffer, each
sample was dehydrated in a graded series of ethanol and embed-
ded in Epon-Araldite resin. Plastic sections (1 um) were stained
with toluidine blue and examined for light microscopy. Ultrathin
sections were stained with uranyl acetate and lead.

Axon and fiber area measurements

Axon and Fiber areas were measured from several electron
micrographs using the magic wand tool set to scale in Image],
g-value = outer fiber area/internal axon area.

Supplementary Material

Supplementary Material is available at HMG online.
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