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Abstract
Peripheral neuropathy is a common aging-related degenerative disorder that interferes with daily
activities and leads to increased risk of falls and injury in the elderly. The etiology of most aging-
related peripheral neuropathy is unknown. Inherited defects in several genome maintenance
mechanisms cause tissue-specific accelerated aging, including neurodegeneration. We tested the
hypothesis that a murine model of XFE progeroid syndrome, caused by reduced expression of
ERCC1-XPF DNA repair endonuclease, develops peripheral neuropathy. Nerve conduction
studies revealed normal nerve function in young adult (8 week) Ercc1−/Δ mice, but significant
abnormalities in 20 week-old animals. Morphologic and ultrastructural analysis of the sciatic
nerve from mutant mice revealed significant alterations at 20 but not 8 weeks of age. We conclude
that Ercc1−/Δ mice have accelerated spontaneous peripheral neurodegeneration that mimics aging-
related disease. This provides strong evidence that DNA damage can drive peripheral neuropathy
and offers a rapid and novel model to test therapies.
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Introduction
Aging-related peripheral neuropathy contributes significantly to morbidity in the elderly.
The prevalence of idiopathic peripheral neuropathy, i.e. neuropathy that is not associated
with some underlying disease process such as diabetes, has been reported to be between 19–
22% in persons aged 60–74 years and up to 58% of people aged 85 and older (Mold et al.,
2004; Richardson, 2002). Approximately 14% of adults 65 years or older, and 35% of adults
85 years or older, report difficulty with walking (Resnick et al., 2000). Loss of lower
extremity sensory input is associated with impaired balance and falls in the elderly. Indeed,
unintentional injury, mostly due to falls, is the sixth leading cause of death in those 65 years
of age or older (Sattin, 1992).

Nerve conduction studies (NCS) in humans have shown a progressive decrease in nerve
conduction velocities and an increase in the latency of onset of F-waves and provoked
sensory nerve responses with advancing age (Bouche et al., 1993; Dorfman and Bosley,
1979; Olney, 1998; Taylor, 1984). Sensory nerve action potential amplitudes appear to
decrease at a faster rate than conduction velocities. Morphologic analysis of the sural nerve
revealed a progressive loss of both large and small myelinated fiber density with age (Tohgi
et al., 1977).

Aging-related changes in peripheral nerves of mice reflect those that have been described in
humans. Nerve conduction velocities remain unchanged during adulthood until the last third
of life, after which they begin to decline (Verdu et al., 1996). Morphologic examination
agrees with this finding as tibial nerves appear to be stable in the adult 6–12 month-old
mouse. From 12–20 months, there is a gradual decline in the number and density of
myelinated and unmyelinated nerve fibers. From 20 months on, there is marked attrition of
fibers with approximately 50% loss of myelinated fibers and 35% loss of unmyelinated
fibers. This results in a general disorganization of the endoneurium, coupled with an
increase in the amount of collagen deposition (Ceballos et al., 1999; Verdu et al., 2000).
Along with a loss of fibers, there is a decrease in myelin thickness and decrease in fiber
diameter (Ceballos et al., 1999). Furthermore, the fraction of myelinated axons showing
irregular shapes increases to 50% in aged mice. These large irregular fibers show
abnormalities in the myelin sheath such as wide incisures, separation of lamellae, and
myelin loops (Ceballos et al., 1999; Knox et al., 1989).

The molecular basis of aging and aging-related degenerative changes is not known
(Kirkwood, 2005). However, it is generally accepted that aging is driven by time-dependent
accumulation of stochastic molecular and cellular damage (Campisi and Vijg, 2009;
Kirkwood, 2005; Vijg, 2008). Consistent with this, the majority of human progeroid
syndromes, or diseases of segmental (tissue-specific) accelerated aging, are caused by
defects in genome maintenance mechanisms, including Werner syndrome, ataxia
telangiectasia, Cockayne syndrome and trichothiodystrophy (Hasty et al., 2003). This
suggests that DNA damage is one type of stochastic molecular damage that promotes aging-
related degenerative changes.

Nucleotide excision repair (NER) is an evolutionarily conserved mechanism that removes
helix-distorting DNA lesions from the nuclear genome through the coordinated action of
over 30 proteins including XPA through XPG, ERCC1, TFIIH and the replication
machinery (Friedberg et al., 2006). Mutations in XPF can lead to XFE progeroid syndrome
(Niedernhofer et al., 2006), a disease of systemic accelerated aging, or xeroderma
pigmentosum (XP), which is primarily a cancer-predisposition syndrome but includes
segmental aging (Niedernhofer, 2008a) including progressive peripheral neurodegeneration
(Kraemer et al., 2007). The former was modeled in the mouse by creating a hypomorphic

Goss et al. Page 2

Mech Ageing Dev. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mutation in the mErcc1 locus, which encodes ERCC1 the essential binding partner of XPF
(Dolle et al., 2006; Weeda et al., 1997). Together ERCC1-XPF form a nuclease that is
required for numerous DNA repair mechanisms (Ahmad et al., 2008; Niedernhofer et al.,
2004; Sijbers et al., 1996). Ercc1−/Δ mice harboring one knock-out and one mutant allele of
Ercc1 express 10% of the normal level of the nuclease ERCC1-XPF. These mice
demonstrate spontaneous premature onset of aging-related changes of the epidermal,
hematopoietic, endocrine, hepatobiliary, renal, nervous and musculoskeletal identical to
XFE progeroid syndrome (Niedernhofer, 2008a) and a maximum lifespan of 32 weeks. In
this study we evaluated peripheral nerve structure and function, in Ercc1−/Δ mice to
determine if they represent an accelerated model of aging-related peripheral neuropathy that
could be used to identify the molecular mechanism of disease and rational strategies for
prevention and/or treatment.

Materials and Methods
Animals

All Ercc1−/Δ mice were generated by matings of heterozygous mice in two different inbred
backgrounds to create f1 hybrids that are isogenic: (e.g., Ercc1+/Δ FVB/n X Ercc1+/minus;

C57Bl/6). Genomic DNA was isolated from a 1mm ear plug of 10–14 day-old mice using a
NucleoSpin® 96 Tissue DNA extraction system (Macherey-Nagel, Inc.). Genotyping of the
Ercc1 null allele was done by PCR co-amplification of the 3′ end of exon 7 from the wild-
type (wt) allele and the neomycin resistance marker cloned into exon 7 of the targeted allele
using primers specific for exon 7, neor and intron 7 (5′-AGCCGACCTCCTTATGGAAA,
5′-TCGCCTTCTTGACGAGTTCT and 5′-ACAGATGCTGAGGGCAGACT, respectively).
Wt (0.25-kb) and mutant (0.4-kb) fragments were separated by electrophoresis on a 2%
agarose gel. The mutant allele of Ercc1 (Δ) was amplified by adding a fourth primer (5′-
CTAGGTGGCAGCAGGTCATC) to amplify the neomycin cassette in the Δ allele (0.5-kb)
(Ahmad et al., 2008). Wild type littermates were retained as aging-matched controls. All
animal experiments were reviewed and approved by the University of Pittsburgh
Institutional Animal Care and Use Committee.

Nerve conduction studies (NCS)
Mice were anesthetized with ketamine/xylazine (80/10 mg/kg IP). They were placed on a
temperature-controlled angled platform that was maintained at 37°C and the hind limbs
secured at an angle of 30–45 relative to the long axis of the body. Motor and sensory nerve
amplitude and conduction velocities were measured using a VikingQuest NCS/EMG
Portable System with Grass™ platinum subdermal needle electrode pairs for stimulation and
recording. A ground electrode was placed in the tail. Compound muscle action potentials
(CMAP) and motor nerve conduction velocities (MNCV) were recorded from the
gastrocnemius muscle. A recording electrode was placed in the gastrocnemius muscle and a
stimulating electrode was placed in the sciatic notch with reference electrodes placed
approximately 10 mm distal from each. The proper placement of the stimulating electrode
was confirmed by recording a maximum CMAP from the gastrocnemius muscle during
minimal (0.8 mA) stimulation at the sciatic notch. The stimulating electrode was moved to
the knee (popliteal fossa) and a CMAP recorded. The CMAP latencies and distance between
the sciatic notch and knee were used to calculate the gastrocnemius MNCV. Following this,
the needle electrode pair at the sciatic notch was used for recording. A stimulation electrode
is placed at the first toe with a reference electrode at the fifth digit. Peak foot sensory nerve
amplitudes (FSA) and conduction velocities (FSCV) were measured from several
orthodromic stimulations (0.8 mA–15 mA current) and the best response was used for
analysis. Caudal nerve evoked amplitudes (CNA) and conduction velocities (CNCV) were
measured by recording from the base of the tail and stimulating near the distal tip. The
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electrophysiological measurements for all treatment groups were analyzed by ANOVA and
Fisher’s PLSD post-hoc analysis (Statview; SAS Institute Inc., Cary, NC). All values are
presented as mean ± standard error.

Nerve tissue processing
Following NCS, the mice were euthanized by CO2 inhalation followed by cervical
dislocation then perfused with cold saline followed by 2.5% glutaraldehyde in PBS. Sciatic
nerves were isolated, removed and immersed in fixative for an additional hour. Tissue was
then dehydrated and embedded in resin for sectioning. Toluidine blue thick sections (300
nm) for light microscopy and ultrathin (60 nm) sections for transmission electron
microscopy (TEM) were obtained.

Morphometric analysis
Toluidine blue thick sections were imaged with a Zeiss Axiovert 200 microscope and
stitched together (if necessary) using Adobe Photoshop v10.0.1. Zeiss AxioVision v4.8.0
software was used to determine individual nerve fiber sizes and total area occupied by
myelin. One or two sections per sciatic nerve were analyzed per animal by a person blinded
to treatment or animal ID. All values are presented as mean ± standard error; significance
was determined by ANOVA and Fisher’s PLSD post-hoc analysis (Statview; SAS Institute
Inc., Cary, NC).

Results
Ercc1−/Δ mice develop normally until 8 weeks of age, when they begin to spontaneously
exhibit progressively worsening degenerative changes associated with old age, including
multiple symptoms associated with neurodegeneration (dystonia, trembling and ataxia, at
~9, 12 and 15 weeks, respectively) (Ahmad et al., 2008; Dolle et al., 2006; Weeda et al.,
1997). Nerve conduction studies in twenty week-old Ercc1−/Δ mice, which are symptomatic,
demonstrated numerous functional deficits characteristic of peripheral neuropathy (Figure
1A, gray bars). Ercc1−/Δ mice had significantly lower compound muscle action potentials
(CMAP) and conduction velocities in the sciatic nerve, foot sensory nerve and the caudal
nerve (MNCV, FSCV, and CNCV) compared to normal sibling mice (Figure 1A, black
bars). Ercc1−/Δ mice also had a significant reduction in the evoked response of the foot
sensory nerve (FSA) and caudal nerve (CNA). These data demonstrate that Ercc1−/Δ mice
spontaneously and prematurely develop peripheral sensory and motor neuropathy.

To determine if the peripheral neuropathy in Ercc1−/Δ mice is due to degenerative changes
that develop over time, as with normal aging, we performed NCS on 8 week-old Ercc1−/Δ

mice that are not yet symptomatic. The 8 week-old Ercc1−/Δ mice weighed more than 20
week-old mutant animals (19 vs. 13 gm), illustrating that these mice are undergoing
degenerative changes with age. The only difference found between the 8 week-old Ercc1−/Δ

mice and their littermate controls was a significant decrease in the FSA in the Ercc1−/Δ mice
(Figure 1B), which was the most distal site tested. This is similar to aging-related peripheral
neuropathy that first occurs distally then proceeds proximally. The observation that 5 of 6
nerve function tests are normal at 8 weeks of age in Ercc1−/Δ mice, but all 6 are significantly
impaired in 20 week-old Ercc1−/Δ mice, demonstrate that the peripheral nervous system of
the mutant animals is for the most part normal into adulthood and that neuropathy is a
consequence of degenerative changes that occur with increasing age.

To determine how closely the neuropathy that develops Ercc1−/Δ mice mirrors that observed
in normal aging, we performed NCS in 120 week old control mice (Figure 1A, open bars).
The aged control mice had significantly reduced CMAP, FSA and FSCV measurements
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compared to young adult controls; However, unlike the Ercc1−/Δ mice, the aged mice
showed no changes in MNCV or CNCV (CNA was reduced but did not reach statistical
significance). In addition, the decreases in FSA and FSCV in the aged mice were not as
substantial as those observed in the Ercc1−/Δ mice. This data suggests the neuropathy that
develops in the Ercc1−/Δ mice by 5 months of age is more advanced than that which
develops over years with normal murine aging.

A reduction in the amplitude of an evoked action potential signifies axonal degeneration,
whereas a loss of conductance velocity is typically caused by demyelination. Both were
observed in Ercc1−/Δ mice relative to normal littermates. Thus we analyzed sciatic nerve
cross sections to determine if the morphology supported both of these types of degenerative
changes. Toluidine blue stained cross-sections of fascicles from 20 week-old normal mice
appeared uniform with large and small fibers throughout the nerve bundle (Figure 2A, D).
The large diameter fibers were well myelinated and the nerve bundle had a well organized
appearance. In contrast, fascicles from 20 week-old Ercc1−/Δ mice were significantly
smaller than those of the wild-type mice (95,000 μm2 vs. 213,000 μm2) and showed a
disorganized appearance (Figure 2B, E). There was a loss of large fibers and most of the
fibers that remain appear misshapen. Sciatic nerve fascicles from 120 week-old control mice
(140,000 μm2) were smaller than those taken from 20 week old wild-type mice but larger
than those of the Ercc1−/Δ mice. The nerve bundle in the old wild-type mice appeared
organized with large and small fibers throughout (Figure 2C, F).

Morphometric analysis revealed a shift in fiber size distribution between the control and
Ercc1−/Δ mice (Figure 2G). Ercc1−/Δ mice had a much higher percentage of small fibers (<5
μm2) with a concomitant loss of larger fibers (>45 μm2). There were no discernable
differences in fiber size distribution between the 20 week- and 120 week-old control mice.
Analysis of the area occupied by nerve fibers, myelin, and endoneurium (extracellular
space) showed clear differences between all three groups (Figure 2H). The percent of the
total fascicle area occupied by nerve fibers was significantly less in the Ercc1−/Δ mice (12.5
± 0.2%) compared to the 20 week-old control (18.1 ± 1.2%) or 120 week-old control (16.1 ±
1.7%) mice. Conversely, the 20 week-old control mice had significantly more area occupied
by myelin (61.9 ± 2.8%) than either the Ercc1−/Δ mice (50.3 ± 2.7%) or 120 week-old
control (53.3 ± 5.2%) mice and significantly less endoneurial space (19.9 ± 1.6% vs. 37.1 ±
2.7% and 30.6 ± 6.9%). These data strongly support the functional data and indicate that
there is a loss of both nerve fibers and myelin in the Ercc1−/Δ mice.

The sciatic nerve fascicles from the younger, 8 week-old Ercc1−/Δ mice were substantially
more organized than those of the older mutant animals with little evidence of degeneration
(Figure 2J) and looked similar to aging-matched control mice (Figure 2I). The fascicle size
of the 8 week old Ercc1−/Δ mice was 20% smaller than that of littermate controls (120,000
μm2 vs. 147,000 μm2). But this is not unexpected, since Ercc1−/Δ mice weigh 40% less than
their normal littermates. Remarkably, the fascicle size of 8 week-old Ercc1−/Δ mice is larger
than that of 20 week-old mutant animals (120,000 μm2 vs. 95,000 μm2). These morphologic
data emphasize that Ercc1−/Δ mice rapidly undergo peripheral neurodegeneration as adults
rather than have developmental abnormalities.

Finally, transmission electron micrographs of sciatic nerve from 20 week-old Ercc1−/Δ mice
revealed abundant redundant myelin, crenated myelin sheaths, paranodal loops of myelin,
myelin droplets and ovoids (Figure 3), all characteristic of axonal atrophy with secondary
myelin degeneration (Crisci and Ferreira, 2002). These ultrastructural data confirm the
results of the functional studies, demonstrating that DNA repair deficient Ercc1−/Δ mice
spontaneous undergo premature peripheral neurodegeneration similar to what occurs in mice
and humans with aging.
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Discussion
Aging-related peripheral neuropathy is associated with reductions in both conduction
velocity and evoked amplitude response (Verdu et al., 1996). Similar findings were observed
in 20 week-old Ercc1−/Δ mice, which are chronologically still young adults (Figure 1). The
nerve conduction studies are supported by morphological evidence of loss of peripheral
nerve fibers, in particular large ones (Figure 2) and abnormal myelin structures indicative of
axonal atrophy and myelin degeneration (Figure 3). These functional and histopathologic
data provide strong evidence that the neuropathy in these DNA repair deficient Ercc1−/Δ

mice is the same, or at least very similar, to the neuropathy that occurs with normal aging. In
fact, the morphology that we observed in the 20 week old Ercc1−/Δ mice look remarkably
similar to that previously reported in 27–33 month-old wild-type Swiss OF1 mice (Ceballos
et al., 1999; Verdu et al., 2000). Interestingly, the nerve morphology of the 30 month-old
control mice in our study, which were in a mixed C57Bl/6;FVB/n genetic background,
appeared healthier than that of the aged mice in the previous reports. However, we did
observe nerve conduction impairments, typical of aged rodents (Verdu et al., 1996). Given
that foot sensory nerve measurements were more severely affected in the old wild-type mice
than the sciatic nerve measurements, it is likely that more severe morphological alterations
would be uncovered in more distal nerves.

The observations that both the nerve function and morphology are largely normal in 8 week-
old Ercc1−/Δ mice, but deteriorate by age 20 week of age, demonstrate that the peripheral
neuropathy in these DNA repair deficient mice arises as a consequence of rapid degenerative
changes in adult animals. The implications of this are two-fold. First, the Ercc1−/Δ mice
offer a novel, accurate and rapid model of aging-related peripheral neuropathy that can be
used to discover the molecular mechanism of peripheral neurodegeneration and to screen
therapeutic modalities for their ability to prevent, delay or reverse peripheral neuropathy.
Second, the data provide evidence that DNA repair mechanisms play a crucial role in
protecting against peripheral nerve degeneration.

This latter point is further supported by the fact that DNA damaging agents such as the
chemotherapeutic agent cisplatin, cause peripheral neuropathy (Chaudhary et al., 1994;
LoMonaco et al., 1992). Cisplatin and related platinum drugs are first-line chemotherapeutic
agents for treatment of lung, colorectal, pancreatic and genitourinary cancer (Abbas et al.;
Geiger et al.; Nakamura and Miki; Sanchez and Trevino, 2008; Zeimet et al., 2009). The
primary mechanism of cytotoxicity of this class of drugs is via formation of DNA
interstrand crosslink lesions (McHugh et al., 2001). These drugs cause a dose-dependent
sensory neuropathy (Krarup-Hansen et al., 1993). Thus the prediction is that the spontaneous
neuropathy observed in ERCC1-deficient mice, which have an impaired ability to repair
DNA interstrand crosslinks, should mimic neuropathy caused by crosslinking agents like
cisplatin. Indeed in mice, chronic cisplatin treatment leads to a significant reduction in
caudal nerve conduction velocity, axonal degeneration of myelinated fibers in the sciatic
nerve (Carozzi et al.) and damage to myelin sheaths (Yoon et al., 2009). In rats, chronic
cisplatin treatment leads to minor loss of motor function, decreased peripheral nerve
conduction velocity (Screnci et al., 2000) and axonal degeneration of the sciatic nerve
(Carozzi et al., 2009) with large, myelinated fibers being more affected than small or
unmyelinated fibers (Authier et al., 2003). In humans treated with cisplatin, the amplitude of
electrically evoked sensory action potentials are also reduced in a dose-dependent manner
and there is a preferential loss of large fibers (Krarup-Hansen et al., 1993). Thus all of the
functional and morphologic changes that spontaneously occur in the peripheral nerves of
DNA repair-deficient Ercc1−/Δ mice also occur in rodents and humans chronically exposed
to crosslinking agents. This strongly supports the conclusion that the pathologies observed in
the Ercc1−/Δ mice are driven by failure to repair endogenous crosslinks. It also illustrates
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that Ercc1−/Δ mice offer a rapid and accurate model for screening treatments to prevent the
neurotoxic side-effects of platinum-based therapy.

The novelty of this model is emphasized by the fact that the majority of murine models of
human progerias or genome instability disorders have a much milder phenotype than the
disease they mimic (Niedernhofer, 2008b). This includes Werner syndrome, Bloom
syndrome and Fanconi anemia (Chang, 2005; Parmar et al., 2009). This appears to be
particularly true of neurodegeneration, which is very prominent in patients with xeroderma
pigmentosum, ataxia telangiectasia and many other genome instability disorders, but not in
corresponding mouse models (Frappart and McKinnon, 2008; Kraemer et al., 2007;
Niedernhofer, 2008b). This discrepancy has been attributed to reduced levels of DNA
damage in mice compared to humans either because of less endogenous damage in mice or
the fact that laboratory animals live in a highly controlled and simple environment
(Niedernhofer, 2008b). Because Ercc1−/Δ mice are missing multiple DNA repair pathways
(nucleotide excision repair, DNA interstrand crosslink repair and repair of some double-
strand breaks), they presumably have a greater burden of DNA damage than mice missing a
single pathway, and therefore more dramatic disease. The Ercc1−/Δ mice therefore offer not
only a unique opportunity to probe the mechanism of aging-related neurodegeneration, but
also to identify the types of DNA damage that promotes neurodegeneration.
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Research Highlights

• Aging related idiopathic peripheral neuropathy is a common disease of unknown
etiology.

• DNA repair-deficient Ercc1−/Δ mice spontaneous develop peripheral neuropathy
by 5 mths.

• Functional and structural changes in their peripheral nerves mimic those that
occur with old age.

• This yields new insight on the cause of peripheral neurodegeneration.

• This validates Ercc1−/Δ mice as a rapid and accurate model for screening
therapies.
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Figure 1.
Analysis of peripheral nerve function. (A) Nerve conduction studies performed on 20 week-
old Ercc1−/Δ mice (gray bars, N=7), normal littermates (black bars, N=4), and 120 week-old
controls (open bars, N=3). (B) Nerve conduction studies performed on 8 week-old Ercc1−/Δ

mice (N=3) and normal littermates (N=3). Values represent mean ± SEM. CMAP - sciatic
nerve compound muscle action potential, MNCV - sciatic nerve motor nerve conduction
velocity, FSA - foot sensory nerve amplitude, FSCV - foot sensory nerve conduction
velocity, CNA - caudal nerve amplitude, CNCV - caudal nerve conduction velocity. *p <
0.05 compared to 20 week-old controls.
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Figure 2.
Peripheral nerve morphology. Representative micrographs from cross sections of the sciatic
nerve of a 20 week-old control mouse (A,D), a 20 week-old Ercc1−/Δ mouse (B,E), and a
120 week-old control mouse (C,F). Notice the well organized appearance and number of
larger diameter nerve fibers in the control sections. Compare this with the disorganized and
‘empty’ appearing section from the 20 week-old Ercc1−/Δ mouse. Morphometric analysis of
nerve fiber size distribution (G) and area occupied by nerve fibers, myelin, or endoneurium
space (H) in 20 week-old Ercc1−/Δ mice (gray bars, N=5), 20 week-old control mice (black
bars, N=5), and 120 week-old control mice (open bars, N=2). Representative micrographs
from cross sections of the sciatic nerve of an 8 week-old Ercc1−/Δ mouse (J) and age-
matched control mouse (I). Bars in (D) and (I) = 50 um. Values represent mean ± SEM. *p <
0.05 compared to 20 week-old controls.
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Figure 3.
Representative transmission electron micrographs of the sciatic nerve of 20 week-old
Ercc1−/Δ mice. Hallmarks of axonal atrophy can be observed including redundant myelin
(a), crenated myelin sheaths (b), myelin droplets (c), myelin ovoid (d), and degenerating
axon profiles (e), leading to secondary myeline degeneration evidenced by wide myelin
incisures or paranodal loops (f). Bars = 2 μm.
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