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Abstract
Charcot-Marie-Tooth type 1A (CMT1A) neuropathies linked to the misexpression of peripheral
myelin protein 22 (PMP22) are progressive demyelinating disorders of the peripheral nervous system.
In this study we asked whether dietary restriction by intermittent fasting (IF) could alleviate the
neuropathic phenotype in the Trembler J (TrJ) mouse model of CMT1A. Our results show that
neuropathic mice kept on a five month long IF regimen had improved locomotor performance
compared to ad libitum (AL) fed littermates. The functional benefits of this dietary intervention are
associated with an increased expression of myelin proteins combined with a thicker myelin sheath,
less redundant basal lamina, and a reduction in aberrant Schwann cell proliferation. These
morphological improvements are accompanied by a decrease in PMP22 protein aggregates, and
enhanced expression of cytosolic chaperones and constituents of the autophagy-lysosomal pathway.
These results indicate that dietary restriction is beneficial for peripheral nerve function in TrJ
neuropathic mice, as it promotes the maintenance of locomotor performance.
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Introduction
Alterations in peripheral myelin protein 22 (PMP22) gene expression are linked to heritable
demyelinating peripheral neuropathies, a heterogeneous group of diseases that lead to
progressive myelin instability and slowed nerve conduction velocity (Suter and Snipes,
1995). Affected individuals present with sensory and motor disturbances, muscle weakness
and atrophy. In humans, the autosomal dominantly inherited Charcot-Marie-Tooth (CMT)
disease is most frequently associated with duplication of a 1.5 Mb region on chromosome 17,
including the intact PMP22 gene (CMT1A). In a smaller group of CMT1A, and in the severe
Dejerine-Sottas Syndrome (DSS) patients, single amino acid substitutions in PMP22 are
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present (Sanders et al., 2001). The spontaneous mutant Trembler J (TrJ) mouse carries the
identical L16P amino acid substitution in the peripheral myelin protein 22 gene as has been
identified in patients with CMT1A (Suter et al., 1992; Valentijn et al., 1992) and models the
behavioral and histopathological phenotypes of the disease (Notterpek and Tolwani, 1999).

The pathological findings in neuropathic mouse nerves include degenerating axonal profiles,
incomplete myelination, excessive proliferation of Schwann cells and redundant basal lamina
(Henry et al., 1983). How the abnormal expression of PMP22 leads to such a complex
phenotype remains unclear, but altered processing and turnover rate of the mutated protein
within Schwann cells are likely to play roles. Studies in Schwann cells indicate that ~80% of
the newly-synthesized wild type (Wt) protein is rapidly degraded by the proteasome,
presumably due to misfolding (Pareek et al., 1997; Notterpek et al., 1999). In the disease states,
when one copy of PMP22 is mutated, the fraction destined for proteasomal degradation is
increased, which overwhelms the proteasome and leads to protein aggregate formation (Fortun
et al., 2003). Data from multiple laboratories support the involvement of protein mistrafficking
and aggregation in PMP22 neuropathies (Isaacs et al., 2002; Ryan et al., 2002; Tobler et al.,
2002; Fortun et al., 2003; Fortun et al., 2006), a finding that is supported by studies of nerve
biopsies from patients with PMP22 gene duplication, and point mutations (Nishimura et al.,
1996; Hanemann et al., 2000). Cytosolic mislocalization of PMP22 alters protein homeostasis
within Schwann cells and leads to the accumulation of ubiquitin, myelin proteins, chaperones
and components of the proteasome near and within the aggregates (Ryan et al., 2002; Fortun
et al., 2003; Fortun et al., 2006). Therefore, approaches to prevent the accumulation of
misfolded PMP22 and/or facilitate its removal could benefit Schwann cell biology and alleviate
the neuropathic phenotype.

Dietary restrictions, including intermittent fasting (IF), provide a non-pharmacological
approach to improve the ability of cells to enhance endogenous protective mechanisms in order
to resist neurodegenerative disease and aging-associated alterations (Martin et al., 2006;
Sharma and Kaur, 2007). Chaperone production and protein degradation through the
autophagy-lysosomal system are enhanced in a variety of organisms and tissues by dietary
restriction (Mizushima et al., 2004; Wohlgemuth et al., 2007; Steinkraus et al., 2008), however
it is unknown if the peripheral nervous system responds to this intervention. Here we show
that a five month long IF regimen enhanced these two protein homeostatic mechanisms within
peripheral nerves of TrJ mice and alleviated neuropathic behavioral, morphological
phenotypes.

Materials and methods
Mouse colonies and experimental design

Wild-type (Wt) and heterozygous Trembler J (TrJ) mice on the C57Bl/6J background (The
Jackson laboratory, Bar Harbor, ME) used in the experiments were the offspring from our
breeding colony maintained in the McKnight Brain Institute Animal Facility under specific
pathogen-free (SPF) conditions, on a 7:00 AM-7:00 PM light cycle. The University of Florida
Institutional Animal Care and Use Committee has approved the use of laboratory animals for
these studies. For genotyping of the mice, DNA was isolated from tail biopsies of less than ten
day old pups and used for PCR (Notterpek et al., 1997). Age-matched male TrJ and Wt mice
were used for all experiments. Until nine weeks of age, the standard rodent Teklad LM-485
mouse/rat chow (Harlan laboratory, Indianapolis, IN) was provided ad libitum (AL). After 9
weeks, the animals were assigned to four different groups: Wt-AL, TrJ-AL, Wt-IF, or TrJ-IF.
The procedures we used for the feeding regimen follows the protocol of Anson and colleagues
that also utilized male C57BL/6 mice (Anson et al., 2003). Mice on an IF regimen had access
to food every other day. Food was provided or removed between 3-4 PM every day. Water was
available at all times. We measured body weight every two weeks, coinciding with the fed state
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of the IF group. Over a two year period, using the same experimental design we conducted
three independent trials with four to ten mice in each group. At the end of each trial, we collected
the sciatic nerves from each mouse for biochemical and morphological studies, as described
below.

Rotarod test
All mice were tested monthly on the rotarod (Ugo Basile, Camerio VA, Italy) according to
established procedures (Crawley, 1999). Mice were trained for two subsequent days with three
trials per day of 60 sec at a fixed speed of 5 rpm, with 30 min rest between each trial. On the
third testing day, the animals performed 3 trials on the accelerating rotarod after having been
fed the night before. The rotational velocity of the rod was linearly increased from 4-36 rpm,
over 300 seconds. There was a 1 hr rest period between each trial. The time each mouse spent
on the rotarod before falling was recorded and analyzed.

Grip strength test
Forelimb grip strength was measured as tension force (g) on the Chatillon DFE series Digital
Force Gauge apparatus (Chatillon Systems, AMETEK Inc., Florida, USA) attached to a
stainless steel triangular ring. Only TrJ animals were tested. Each mouse was placed with its
forelimbs on the middle of the ring and was gently pulled horizontally backward by the base
of its tail until the grip was released. Forelimb grip strength was calculated from the average
of 5 trials for each mouse.

Morphological studies
After five months on each diet regimen, the animals were sacrificed and a ~5 mm piece of the
proximal end of the left sciatic nerve from each mouse was processed for morphological
analyses (Fortun et al., 2003). Samples were immersion fixed in 2% paraformaldehyde and 1%
glutaraldehyde in Tyrode’s buffer (pH 7.4), treated with 2% OsO4 in 0.1 M sodium cacodylate
(pH 7.5), dehydrated and embedded in Spurr’s medium. Thick sections were stained with
toluidine blue and surveyed by light microscopy using a SPOT camera (Diagnostic
Instruments, Sterling Heights, MI) attached to a Nikon Eclipse E800 microscope (Melville,
NY). For the morphometric studies, four mice per condition were evaluated for distribution of
fiber diameter (axon with myelin, 1000 fibers/animal), myelin sheath thickness (150 fibers/
animal) and g ratio (150 fibers/ animal) on light level images (Passage et al., 2004; Jeronimo
et al., 2005). We analyzed the data using the public domain NIH Image J program. Total area
occupied by nerve fibers was determined as a percentage of nerve cross-sectional area. The
percentage of myelinated fibers was calculated by counting myelinated fibers as compared to
total number of fibers in three fixed areas of view (0.04 mm2 per field) per animal (Jeronimo
et al., 2005).

Primary antibodies
Unless otherwise indicated, the same antibodies were used to detect the studied proteins in the
nerve sections and the protein lysates. Rabbit anti-Atg7, LC3 (Cell Signaling technology, Inc.,
Danvers, MA) and p62 (Biomol, Plymouth Meeting, PA) antibodies were utilized as markers
for autophagy. Protein chaperone antibodies included rabbit anti-αB-crystallin, heat shock
protein 40 (HSP40), HSP70, and rat anti-HSC70 (Fortun et al., 2003). Antibodies against the
mouse lysosomal associated membrane protein 1 (LAMP1) (clone 1D4B, Developmental
Studies Hybridoma Bank, Iowa City, IA) and cathepsin D (Cortex Biochem, Inc., San Leandro,
CA) were used as lysosomal pathway markers (Notterpek et al., 1997). Antibodies against
myelin proteins included rat (for Western blot), or rabbit (for immunohistochemistry) anti-
myelin basic protein (MBP) (both from Chemicon, Temencula, CA, USA) and mouse anti-
protein zero (P0) (Archelos et al., 1993). To detect PMP22, we used a rabbit polyclonal
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antibody developed against a peptide corresponding to the second extracellular loop of the rat
protein (Pareek et al., 1997; Fortun et al., 2006). Mouse anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (protein loading control; clone 1D4, EnCor Biotechnology Inc.,
Alachua, FL), rabbit anti-ubiquitin (Dako, Carpinteria, CA), rat anti-CD11b (AbD Serotec,
Raleigh, NC) and mouse phospho-histone H3 (pHH3) (Chemicon) were obtained from the
indicated commercial suppliers.

Biochemical analyses
Frozen sciatic nerves (at least from three animals per condition) were crushed in liquid nitrogen
and solubilized in lysis buffer (62.5 mM Tris, pH 6.8, 10.0% glycerol, 3.0% SDS)
supplemented with a complete, EDTA-free protease inhibitor cocktail (Roche Diagnostics,
Indianapolis, IN). The protein content of the lysates was determined using the BCA kit (Pierce,
Rockford, IL). Samples (20 μg, or 5 μg for myelin proteins) were fractionated by
electrophoresis using polyacrylamide gels then transferred to nitrocellulose (0.45 μm pore size;
Bio-Rad, Hercules, CA) or PVDF (Biorad, for LC3 and ubiquitin) membranes. After blocking
in 5% nonfat dry milk in TBST, membranes were incubated with the indicated primary
antibodies overnight at 4°C. Bound primary antibodies were detected by incubation with anti-
rabbit, anti-mouse (Cell Signaling), anti-rat or anti-goat (Sigma-Aldrich) horseradish
peroxidase (HRP) conjugated secondary antibodies. Membranes then were reacted with an
enhanced chemiluminescent substrate (Perkin Elmer, Boston, MA). The reproducibility of the
findings were verified on three to five independent Western blots for each tested antigen, using
nerve samples from different mice. We used a GS-800 densitometer (Bio-Rad) to digitally
image the films.

Immunolabeling of nerve sections
A portion of each freshly-removed left sciatic nerve was frozen by immersion in liquid
nitrogen-cooled N-methyl butane. Frozen sections (5 μm thickness) were dried for one hr on
Superfrost/Plus microslides (Fisher Scientific, Pittsburg, PA), followed by fixation with 1%
paraformaldehyde and 90% ethanol for 2 minutes (for PMP22) or 4% paraformaldehye and
phosphate buffered saline (PBS) for 10 minutes followed by permeabilization with 0.2%
TritonX-100 in PBS for 15 min (for MBP and HSP70) (Notterpek et al., 1997), all at 25°C.
After blocking in PBS containing 20% normal goat serum, nerve sections were incubated with
primary antibodies, including rabbit anti-PMP22, rabbit anti-myelin basic protein (MBP)
(Chemicon) and rat anti-HSC70 (Stressgen), overnight at 4°C. Appropriate secondary
antibodies, including Alexa Fluor 594 goat anti-rabbit and anti-mouse IgG and Alexa Fluor
488 goat anti-rat IgG (all from Molecular Probes, Eugene, OR) were then added for 1-2 hr.
Hoechst dye (Molecular Probes) was included in the secondary antibody solution at 10 μg/ml
to visualize nuclei. Coverslips were mounted by using the ProLong Antifade kit (Molecular
Probes). Samples were imaged with a SPOT camera attached to a Nikon Eclipse E800
microscope and were formatted for printing by using Adobe Photoshop 5.5.

Statistical analysis
ANOVA analyses to establish main effects and interactions of the behavioral studies were
performed using StatView (SAS Institute, Cary, NC). Follow-up ANOVAs and/or Scheffe
post hoc comparisons were employed to determine specific differences. We used Microsoft
Excel to perform a Student’s t-test. A p value less than 0.05 was considered statistically
significant.
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Results
Intermittent fasting improves the locomotor performance and nerve morphology of
neuropathic mice

To determine if a five month long IF regimen could slow demyelination in neuropathic animals,
at nine weeks of age we assigned a cohort of Wt and heterozygous TrJ male mice to either an
AL or every other day feeding schedule, on a standard rodent chow. As indicated by the body
weight measurements (Fig. 1A), both groups of mice gained weight at a similar rate with a
tendency for a treatment effect (p=0.7) in the absence of genotypic differences (see
Supplemental Table 1A). This result is consistent with a previous report (Anson et al., 2003)
and suggests that the animals consume nearly the same amount of total calories on the IF
regimen as AL fed mice. To monitor the locomotor capacities of the mice at the beginning and
during the trial we used the rotarod (McIlwain et al., 2001). Previous studies indicate that by
8-weeks of age transgenic rodent models of CMT1A have severe impairment performing the
complex motor and balance tasks of the rotarod (Sereda et al., 1996;Passage et al., 2004). At
the beginning of the trial, Wt mice remain on the rotarod for an average of 250 seconds, while
TrJ mice stay on for only about 100 seconds (Fig. 1B). After one month on the regimen, the
performance of Wt mice transiently decreases, but then recovers by two months, with no
residual impairment over the remainder of the study. This temporary lag of performance of Wt
mice may be due to a period of adjustment to the feeding schedule. After three months on the
intervention, the neuropathic animals begin to show an improvement in locomotor performance
by remaining on the rotarod for longer periods, a trend that is significant at the four and five
month time points. A repeated measures ANOVA across the five months of testing indicates
a significant genotype difference (p<0.0001) and interaction of treatment with time of testing
(p<0.0001). Examination within each genotype reveals the interaction is mainly due to
increased performance over time for TrJ mice (p<0.0001) (see Supplementary Tables 1B, C,
D). The improvement in the motor behavior of diet restricted neuropathic mice is supported
by an approximately 25% increase in forelimb grip strength (Fig. 1C) which is detected as
tension force.

Histopathological changes of peripheral nerves in TrJ mice include atrophy of nerve fibers,
thinned myelin, Schwann cell over-proliferation and redundant, loose basal lamina (Henry et
al., 1983; Atanasoski et al., 2002; Misko et al., 2002). On cross-sectional views of sciatic nerves
from seven month old mice these abnormalities are pronounced when comparing samples from
AL fed TrJ with Wt (Fig. 2, panels on left). In comparison, myelinated fibers are evident in
neuropathic nerves from the IF group suggesting beneficial influence of the intervention on
nerve histology. Since the Schwann cell basal lamina plays a crucial role in the myelination of
peripheral nerves (Court et al., 2006), we examined axon-Schwann cell units on thin sections
(Fig. 2, insets). Onion-bulb formations, representing parallel basement membranes that
surround Schwann cells are common in nerves of TrJ mice (Fig. 2, arrows in inset, bottom left)
(Henry et al., 1983; Notterpek and Tolwani, 1999). However, in samples from animals on the
intervention, axonal myelin appears thicker and the basal lamina layers of the Schwann cells
are less redundant (Fig. 2, arrowheads in inset in TrJ-IF). Thus, a five month long IF regimen
notably attenuates a number of detrimental histopathological changes in peripheral nerves of
neuropathic mice, including axonal degeneration, demyelination and basal lamina
abnormalities.

To substantiate the visibly improved nerve morphology in diet restricted neuropathic mice, we
performed a number of morphometrical quantifications on randomly selected cross-sectional
micrographs (Fig. 3) (Jeronimo et al., 2005). While the IF regimen has no striking influence
on nerve tissue morphology of Wt mice, it markedly improves the cross-sectional area occupied
by nerve fibers (*p<0.05) (Fig. 3A) in samples from affected mice. Similar to findings in a
previous therapeutic study of neuropathic mice (Passage et al., 2004), the percentage of
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myelinated fibers also significantly improved (**p<0.01) (Fig. 3B), indicating attenuation of
the ongoing demyelination (Notterpek et al., 1997). Moreover, in nerves of intermittently fed
TrJ rodents the mean diameter of nerve fibers is increased (Fig. 3C), as also evident on the
cross-sections in Fig. 2. Morphometric analysis of four thousand fibers from four mice per
condition reveal that the increase in mean fiber diameter is statistically significant in both Wt
and neuropathic mice (***p<0.001) on the dietary intervention (Supplemental Table 2A). We
also measured myelin thickness within these samples and found a thicker myelin in TrJ nerves
upon intermittent feeding (Fig. 3D). Similar to the increase in axonal diameters, the effect on
myelin thickness is significant in both genotypes (***p<0.001; Supplemental Table 2B). In
agreement, the ratios of the axon to fiber (axon and myelin together) diameters (referred to as
g ratios) show significant decrease in both genotypes with intermittent feeding (***p<0.001;
Fig. 2F, Supplemental Table 2C). These results indicate that intermittent feeding ameliorates
behavioral and morphological deficits in TrJ neuropathic mice.

Myelin protein expression is enhanced by intermittent dietary restriction
The marked demyelination by six months of age in TrJ mice is accompanied by a severely
reduced steady-state expression of myelin proteins (Notterpek et al., 1997). To determine
whether the IF regimen had an influence on the expression of these proteins, the left sciatic
nerve from each mouse was processed for biochemical analyses. In agreement with the
improved axonal myelination (Figs. 2, 3), the levels of the myelin proteins; P0, PMP22 and
MBP, are enhanced in nerves of Wt and TrJ mice upon IF intervention (Fig. 4A). These
changes, however, are more pronounced in samples from neuropathic mice fed intermittently.

Heat shock proteins (HSPs) appear to play key roles in the folding and processing of myelin
proteins (Homma et al., 2007; Rangaraju et al., 2008), and are known to respond to dietary
modulation within the central nervous system (CNS) (Martin et al., 2006; Sharma and Kaur,
2007). Therefore, we examined the levels of heat shock protein 70 (HSP70) and 40 (HSP40),
and the small chaperone αB-crystallin (Fig. 4B). In samples from Wt mice, the expression of
protein chaperones is enhanced in response to IF, indicating that peripheral nerves respond to
dietary modulation in a similar fashion as non-neural tissues and the CNS (Colotti et al.,
2005; Martin et al., 2006). As we previously reported, the steady-state levels of cytosolic
chaperones are elevated in nerves of neuropathic TrJ mice, likely due to their recruitment to
protein aggregates (Fortun et al., 2003). In response to IF intervention, their levels are slightly
further increased, particularly that of HSP70. To confirm the changes in myelin protein and
chaperone expression, we double immunostained longitudinal sciatic nerve sections with rabbit
anti-MBP and rat anti-HSC70 antibodies (Fig. 4C). In agreement with our previous report
(Fortun et al., 2003) and the biochemical data (Fig. 4B), HSC70-like reactivity is low in nerve
tissue from Wt animals, with a slight increase in response to the diet restriction (Fig. 4C, insets).
In nerves from AL-fed TrJ mice, MBP-positive myelin tracks are sparse and the HSC70-like
reactivity is slightly elevated compared to Wt (insets) (Fortun et al., 2003). In response to the
dietary modulation, myelinated segments become prominent and HSC70-like
immunoreactivity is noticeably enhanced within Schwann cells (arrows). We confirmed the
increase in Hsp70-like reactivity by staining adjacent section with the same rabbit anti-Hsp70
antibody that was used for the Western blot (Fig. 4B).

While myelinated Schwann cells are postmitotic, they re-enter the cell cycle and proliferate
due to ongoing demyelination and remyelination in nerves of CMT1A patients and rodent
models (Notterpek and Tolwani, 1999; Atanasoski et al., 2002). In agreement with myelin
defects in TrJ animals (Martini and Schachner, 1997; Amici et al., 2006), the neurotrophin
receptor p75 and the mitotic marker phospho-histone H3 (pHH3) are strongly expressed (Fig.
5A). Strikingly, both of these indicators of Schwann cell dedifferentiation and demyelination
are attenuated by the IF regimen (Fig. 5A). We also counted the number of Hoechst-positive
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nuclei per fixed nerve tissue area, and found a highly significant reduction in overall cell
number in response to diet restriction (***p<0.001; Fig. 5B). Therefore, a five month IF
regimen attenuates aberrant Schwann cell proliferation in nerves of neuropathic mice and
promotes the maintenance of the differentiated, myelinated phenotype.

Protein degradation mechanisms are influenced by intermittent feeding
Given that disease-linked forms of PMP22 are retained within the Schwann cell cytosol and
accumulate in ubiquitin-reactive protein aggregates (Nishimura et al., 1996; Hanemann et al.,
2000; Sanders et al., 2001; Fortun et al., 2003), we asked whether this abnormality was affected
by the dietary intervention. In peripheral nerves of Wt mice, PMP22-like immunoreactivity is
detected along internodal myelin segments, and is consistent among samples from the AL and
IF groups (Fig. 6, upper panels). As we have shown before (Fortun et al., 2003), in neuropathic
nerves PMP22 is retained near the nuclei of Schwann cells, an abnormal location for this
tetraspan myelin protein. In comparison, PMP22-positive internodal myelin segments and
fewer Schwann cells with protein aggregates are detected in IF-fed TrJ mice (Fig. 6A, bottom
panels). This localization of PMP22 is in agreement with the improved myelination observed
in IF-fed neuropathic mice (Fig. 2-4). We next quantified PMP22-reactive protein aggregates
per fixed area of nerve tissue and found that the dietary intervention reduces the frequency of
protein aggregates by almost fifty percent (Fig. 6B). In agreement, the levels of poly-
ubiquitinated proteins within nerve lysates from neuropathic mice are also reduced (Fig. 6C).

A mechanism that responds to the accumulation of protein aggregates and can take part in their
removal is the autophagy-lysosomal pathway (Fortun et al., 2003; Fortun et al., 2007; Sarkar
et al., 2008). The expression of autophagy-associated proteins, Atg7 and LC3, are enhanced
by the dietary intervention, while the steady state levels of p62, a protein that serves as a link
between LC3 and ubiquitinated substrates (Klionsky et al., 2008), is reduced (Fig. 6D). The
observed changes in the expression of these three molecules indicate that autophagy is
enhanced within the nerves of IF neuropathic mice. The prominent autophagic response of
neuropathic mice to the regimen, as compared to Wt, may reflect the already activated state of
this pathway (Fortun et al., 2003). The degradation of autophagic cargo, such as protein
aggregates, occurs within the lysosomes (Klionsky et al., 2008). Therefore, we examined the
levels of LAMP1 and cathepsin D (CatD) within our samples (Fig. 6E). While there is a
genotypic effect between Wt and TrJ mice (Notterpek et al., 1997), the dietary modulation
further enhances the expression of these proteins, indicating elevated lysosomal activity.
Together, these findings suggest that an induced autophagy-lysosomal pathway may contribute
to the improved phenotype of TrJ neuropathic mice, likely by removing the misfolded,
aggregation-prone mutated PMP22 (Tobler et al., 2002) and other poly-ubiquitinated proteins.

Attenuation of inflammatory aspects of the neuropathy by diet
Hereditary demyelinating neuropathies show overlapping pathology with inflammatory
neuropathies, whereby affected nerves contain a higher number of macrophages (Misko et al.,
2002; Wang Ip et al., 2006). To examine if the IF regimen impacts this aspect of the disease,
we examined the presence of CD11b+ macrophages within the sciatic nerve (Fig. 7A). In
agreement with a previous report (Misko et al., 2002), nerves of AL-fed TrJ animals contain
numerous macrophages, however, their abundance decreases in intermittently fed mice.
Quantification of three independent experiments reveals an over fifty percent reduction in
CD11b+ cells in samples from TrJ mice on the dietary intervention, as compared to AL fed
(***p<0.001 ANOVA; Fig. 6B). Furthermore, the levels of endogenous immunoglobulins are
decreased (Fig. 6C), demonstrating that the IF regimen reduces the immunologic involvement
in the neuropathy.
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Discussion
The findings presented here reveal that enhancing endogenous protein homeostatic
mechanisms within nerve tissue with a five month IF regimen significantly attenuates
neuropathic behavioral and morphological phenotypes in a spontaneous mouse model of
CMT1A. This dietary modulation is well-tolerated by TrJ mice and is associated with improved
locomotor performance on the rotarod and increased grip strength. The benefits to the
behavioral phenotype are paralleled by pronounced positive morphological changes within
peripheral nerves, including increases in nerve fiber density, myelin thickness and axonal
diameter. The dietary regimen partially alleviated the demyelinating phenotype of the
neuropathy and supported the expression of myelin proteins. We observed a decrease in
aberrant Schwann cell proliferation and in macrophage infiltration, both of which are
characteristic features of CMT neuropathies (Misko et al., 2002; Wang Ip et al., 2006). Our
studies indicate that the IF regimen enhanced multiple endogenous protective mechanisms
within peripheral nerves, including the chaperone and the autophagy-lysosomal pathways, and
prevented the inflammatory aspects and degenerative changes associated with the neuropathy.

While there have been major advances in understanding the genetics of hereditary
neuropathies, treatment options for affected individuals are limited. The available transgenic
and spontaneous animal models therefore serve as invaluable tools for studies aimed at
understanding the cellular pathogenesis of the disease and to identify potential therapeutic
targets. In a previous study, therapeutic administration of a progesterone antagonist between
ages P5 and P49 in male PMP22 overexpressor transgenic rats reduced steady-state levels of
PMP22 mRNA by 15%, which was sufficient to improve the disease phenotype (Sereda et al.,
2003). In PMP22 overexpressor C22 mice (Huxley et al., 1996), ascorbic acid treatment
between 2-5 months of age partially corrected the locomotor pathology by promoting the
remyelination of axon fibers (Passage et al., 2004). The precise molecular mechanism by which
this anti-oxidant improved the neuropathic phenotype is unknown but likely involved
decreasing the expression level of PMP22 (Kaya et al., 2007). Ascorbic acid is now in clinical
trials for CMT neuropathies (Pareyson et al., 2006). Finally, a ninety day treatment with
curcumin improved the motor performance and the histopathology of TrJ mice, when initiated
in newborns (Khajavi et al., 2007). Similar to our findings, these reports show that peripheral
nerves of young mice respond to dietary supplements and modulations, although it is yet to be
determined if these results will be reproducible in an older cohort of rodents. While the
described regimen alleviates the neuropathy in affected mice, further studies will be required
to determine how the human nervous system, particularly in patients with neurological
diseases, may respond to long-term intermittent fasting.

We chose dietary restriction to alleviate the neuropathic phenotype of TrJ mice based on the
ability of this approach to induce both chaperones and autophagy (Mizushima et al., 2004;
Steinkraus et al., 2008), and knowledge concerning the subcellular trafficking of PMP22. The
Wt PMP22, a substrate for proteasomal degradation, is an aggregation-prone hydrophobic
protein with a low folding efficiency (Pareek et al., 1997; Notterpek et al., 1999; Sanders et
al., 2001). When one copy of the gene is mutated, the pool of PMP22 destined for the
proteasome is increased, which leads to protein aggregate formation (Fortun et al., 2003; Fortun
et al., 2005; Fortun et al., 2006). The accumulation of misfolded PMP22 within Schwann cells
interferes with the activity of the ubiquitin-proteasome system (Bence et al., 2001; Fortun et
al., 2005), and serves as a nucleation site for the aggregation of protein chaperones, such as
HSP70 and αB-crystallin (Ryan et al., 2002; Fortun et al., 2005; Fortun et al., 2007). The
entrapment of chaperones and proteasomal constituents within protein aggregates alters protein
metabolic networks that function to ensure proper folding of newly-synthesized proteins, as
well as the rapid degradation of misfolded proteins and short-lived regulatory molecules.
Studies from various organisms indicate that such gradual decrease in chaperones by their
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recruitment to protein aggregates does not induce an increase in chaperone synthesis (Soti and
Csermely, 2003). Since myelinating Schwann cells are highly metabolically active, they are
likely sensitive to such alterations which will impact their ability to maintain myelin
homeostasis. Therefore, exogenous stimulation of chaperones to promote the folding and
trafficking of PMP22 to the plasma membrane, and/or its redirection for proteasomal
degradation may be a promising therapeutic avenue. Global induction of molecular chaperones
can be achieved by brief exposure to stressful conditions, such as caloric restriction, or
modulation of heat shock factor 1 (Morimoto et al., 1997). We recently reported that
pharmacologic induction of the heat shock response improves myelin synthesis and the
processing of PMP22 in organotypic explant cultures from neuropathic mice (Rangaraju et al.,
2008). Similarly, here we show that increasing the endogenous levels of HSP70 within
peripheral nerves is beneficial for myelination.

Autophagic protein degradation is an additional pathway that impacts the processing of PMP22
(Fortun et al., 2003; Fortun et al., 2007) and responds to dietary restriction (Mizushima et al.,
2004). Our results show that the IF regimen is effective in stimulating the autophagy-lysosomal
pathway in peripheral nerves, which is reflected by reduction in poly-ubiquitinated substrates
and induction autophagic markers (Fig. 5). Compounds that stimulate autophagic protein
degradation are under investigation and may provide benefits in a variety of protein misfolding
disorders (Rubinsztein, 2006; Klionsky et al., 2008). Rapamycin, a specific inhibitor of mTOR
kinase, has been shown to regulate autophagy in cells from yeast to human (Inoki et al.,
2005) and can reduce the accumulation of poly-Q aggregates by routing the aggregates for
lysosomal degradation via autophagy (Sarkar et al., 2008). Nonetheless, as combined
stimulation of HSPs and autophagy appears to be more beneficial for the processing of PMP22
than chaperone or autophagic stimulation alone (Fortun et al., 2007), we chose the dietary
approach which has the potential to activate both pathways. As our data reveals, this regimen
has a pronounced influence on peripheral nerves and supported the maintenance of the
differentiated Schwann cell phenotype (Fig. 3). We propose, that this benefit was a
consequence of improved myelin stability and better axo-glial contacts, which is observed both
biochemically and morphologically in TrJ mice on the regimen. Using the same study protocol,
we detected similar morphological improvements in peripheral nerves of PMP22
overexpressor C22 mice (Huxley et al., 1996) on the IF regimen, however the behavioral
assessments are less consistent (data not shown). Because of the greater variability in the
behavioral phenotypes in C22 mice, future studies will require a larger cohort of mice and/or
more sensitive measures of motor performance.

Dietary restrictions are effective in increasing longevity and preventing degenerative changes
associated with disease (Colotti et al., 2005; Martin et al., 2006; Sharma and Kaur, 2007). For
example, caloric restriction attenuated Aβ-deposition and decreased astrocytic activation in a
transgenic rodent model of Alzheimer’s disease (Patel et al., 2005). The mechanism underlying
these beneficial effects are unclear, but likely involved multiple molecular pathways of
neuroprotection, including the stress response, increased production of neurotrophic factors,
ketone bodies and changes in glucose/insulin signaling pathways (Martin et al., 2006). In
comparison to the CNS, the influence of this intervention, particularly of the IF regimen, on
peripheral nerve health and function has not been studied in detail. In a functional study,
increased physical performance of mice on restricted diet was noted and attributed to behavior
to avert risks to life (Ishihara et al., 2005). As in our Wt mice, the regimen did not induce
significant changes in motor behavior (Fig. 1), the improvement of neuropathic mice are rather
due to benefits to neural function. Since early transplantation studies with tissue from TrJ mice
unequivocally established that the neuropathy is due to a primary disorder of Schwann cells
(Aguayo et al., 1977; Perkins et al., 1981), we focused our study on peripheral nerve proteins.
Besides the myelin, stress and immunologic mechanisms, we investigated possible changes in
the expression of sirtuins and neurotrophins within the nerve tissue, both of which have been
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linked to caloric restriction (Cohen et al., 2004; Martin et al., 2006). Additional pathways that
could have been influenced by the IF regimen include ER-associated protein quality control
mechanisms, changes in protein translation and proteasomal protein degradation (CITE??).
With the available samples however our results are inconclusive so far. Finally, besides the
direct influence of IF on the nerves, skeletal muscle-derived factors, such as neurotrophins may
also have contributed to the observed improvement. In future studies, we plan on exploring
this possibility.

Our results clearly show biochemical, morphological and behavioral improvements in TrJ
neuropathic mice in response to a five month long dietary restriction. The benefits of this
regimen are mediated in part by increased expression heat shock and autophagy-lysosomal
proteins within peripheral nerves. These results support further work in developing and
identifying compounds that stimulate protein homeostatic mechanisms, particularly the
chaperone and autophagy-lysosomal pathways for treatment of CMT1A and other protein
aggregate-associated diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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PMP22  

peripheral myelin protein 22

SCs  
Schwann cells

PNS  
peripheral nervous system

CMT  
Charcot-Marie-Tooth disease

Wt  
wild-type

TrJ  
Trembler J

SDS  
sodium dodecyl sulfate

FITC  
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fluoro-isothyoceine

HSPs  
heat shock proteins

HSP70  
heat shock protein 70

LAMP1  
lysosomal associated membrane protein 1

MBP  
myelin basic protein

P0  
protein zero
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Figure 1. A reduction in meal frequency improves the locomotor performance of neuropathic mice
A, Male wild-type (Wt) and heterozygous TrJ mice were used for these studies. Body weight
measured every other week during the study indicates a significant increase for all four groups
(p<0.0001 ANOVA, n=9 mice per condition; error bars represent SEM). B, Performance of
the mice on the rotarod shows a main effect of genotype (p<0.001 ANOVA; error bars represent
SEM) and a difference across trials (p<0.05 ANOVA). The performance of TrJ mice after four
months on the regimen significantly improved (Post hoc ANOVA, p<0.001). Statistical
analysis is presented in Supplementary Table 2. C, After five months on the regimen, the IF
animals demonstrate improvement in forelimb strength (***p<0.001 ANOVA, n=6). Results
are presented using Tukey box-and-whisker plots, where the box represents the inter-quartile
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range; the horizontal line indicates median value and error bars represent maximum and
minimum values.
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Figure 2. Myelinated axons are maintained in peripheral nerves of diet restricted neuropathic mice
Cross-sectional views of proximal sciatic nerves from AL and intermittently fed Wt and TrJ
mice are shown. On thin sections from AL fed neuropathic animals (left, inset), poorly
myelinated axons (A) and multiple layers of loose basal lamina (arrows) are visible. In mice
that had undergone an IF regimen (right), axonal myelination is thicker and the multiple basal
lamina layers of the Schwann cells is replaced by a single tight basal lamina (arrowheads).
N:nucleus. Micron bar: 10 μm and 2 μm (insets).
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Figure 3. Morphometric analyses of sciatic nerves from AL and diet restricted mice
A, In samples from neuropathic mice, the cross-sectional area occupied by nerve fibers is
improved in response to the regimen (*p<0.05). B, The percentage of myelinated vs. total fibers
within nerves of neuropathic mice on the IF regimen is higher, as compared to AL fed
(**p<0.01). A, B: n=4 mice; error bars represent SEM. C, The distribution of fiber diameters
in micrometer is shown (horizontal lines indicate mean values). The IF regimen increases the
mean fiber diameter in nerves from both Wt and TrJ mice as compared to AL fed (***p<0.001,
n=4 mice). D, The thickness of myelin sheath is increased in nerves from mice on the regimen
as compared to AL fed (***p<0.001). E, Quantification of the median g-ratios (axon diameter/
fiber diameter) of individual nerve fibers (n=150) indicates a significantly improved
myelination in nerves from mice on the IF regimen, as compared to AL fed (***p<0.001). D
and E, Results are presented using Tukey box-and-whisker plots, where the box represents the
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inter-quartile range; the horizontal line indicates median value and error bars represent
maximum and minimum values. Statistical analysis is presented in Supplementary Table 2.
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Figure 4. Steady-state expression of myelin proteins and cytosolic chaperones is enhanced by the
dietary regimen
A-B, Whole sciatic nerve lysates (20 μg/lane) from Wt and TrJ mice were probed with the
indicated anti-myelin protein (P0, PMP22 and MBP), or anti-heat shock protein (Hsp)
antibodies. GAPDH is shown as a protein loading control. Molecular mass in kDa, on left.
C, On longitudinal sections of sciatic nerves from intermittently fed neuropathic animals,
MBP-positive myelin internodes are prominent in IF mice (arrows). Co-staining the sections
with anti-HSC70 antibody reveals increased expression of this cytosolic chaperone within
Schwann cells (arrows). Nuclei are stained with Hoechst dye (blue). Samples from Wt mice
are shown in the insets for comparison. Micron bar, 20 μm.
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Figure 5. The IF regimen support the maintenance of the differentiated Schwann cell phenotype
A, Whole sciatic nerve lysates (20 μg/lane) from Wt and TrJ mice were probed with anti-p75
and pHH3 antibodies. GAPDH is shown as a protein loading control. Molecular mass in kDa,
on left. B, In neuropathic nerves on the IF regimen, the number of Schwann cell nuclei per
fixed area of tissue is decreased significantly (***p<0.001 ANOVA, n=3 mice).
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Figure 6. Fewer PMP22 aggregates within nerves of neuropathic mice on the IF regimen
A, On longitudinal nerve sections from Wt mice fed AL or intermittently, PMP22 is detected
along internodal segments of myelin (arrowheads). PMP22-containing protein aggregates are
visible within neuropathic samples (arrows). Myelin-like PMP22 immunoreactivity is visible
in nerves from neuropathic mice on the regimen (TrJ-IF) (arrowheads). Nuclei are stained with
Hoechst dye (blue). Micron bar, 20 μm. B, The frequency of PMP22 protein aggregates is
significantly reduced in the intermittently fed TrJ mice as compared to AL fed (***p<0.001
ANOVA, n=4; error bars represent SEM). C, Western blot analyses on total nerve lysates (20
μg/lane) reveal that the dietary regimen dramatically attenuates the accumulation of poly-
ubiquitinated (pUbi) proteins in neuropathic samples, while mono-ubiquitinated (mUbi)
substrate levels are maintained across genotype and diet. D, The levels of the autophagy
pathway markers, Atg7, LC3 and p62 are shown. The lipidation of LC3, as visualized by the
presence of LC3 II, is evident in samples from TrJ mice on the regimen. E, The expression of
LAMP1 and cathepsin D is influenced by the genotype and stimulated by IF regimen. C-E,
GAPDH is shown as a protein loading control. Molecular mass in kDa, on left.

Madorsky et al. Page 22

Neurobiol Dis. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Immunologic markers in nerve samples from normal and neuropathic mice
A, Longitudinal nerve sections from TrJ mice on the AL and IF regimen were immunostained
with an anti-CD11b antibody. Nuclei are labeled with Hoechst dye (blue). Micron bar, 20 μm.
B, Quantification of the number of CD11b positive cells in a fixed area of nerve tissue
(***p<0.001 ANOVA, n=3). C, Western blot analysis of whole nerve lysates (20 μg/lane) with
an anti-mouse IgG antibody is shown. The heavy (HC) and light chains (LC) of
immunoglobulin G are shown. GAPDH serves as a protein loading control. Molecular mass
in kDa, on left.
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