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Abstract.
Background: The C22 mouse is a Charcot-Marie-Tooth 1A transgenic model with minimal axonal loss.
Objective: To analyse early skeletal muscle changes resulting from this dysmyelinating neuropathy.
Methods: Histology of tibialis anterior muscles of C22 mice and wild type litter mate controls for morphometric analysis
and (immuno-)histochemistry for known denervation markers and candidate proteins identified by representational difference
analysis (RDA) based on mRNA from the same muscles; quantitative PCR and Western blotting for confirmation of RDA
findings.
Results: At age 10 days, morphometry was not different between groups, while at 21 days, C22 showed significantly more
small diameter fibres, indicating the onset of atrophy at an age when weakness becomes detectable. Neither (immuno-
)histochemistry nor RDA detected extrajunctional expression of acetylcholine receptors by age 10 and 21 days, respectively.
RDA identified some mRNA up-regulated in C22 muscles, among them at 10 days, prior to detectable weakness or atrophy,
integral membrane protein 2a (Itm2a), eukaryotic initiation factor 2, subunit 2 (Eif2s2) and cytoplasmic phosphatidylinositol
transfer protein 1 (Pitpnc1). However, qPCR failed to measure significant differences. In contrast, Itm2a and Eif2s2 mRNA
were significantly down-regulated comparing 21 versus 10 days of age in both groups, C22 and controls. Western blotting
confirmed significant down-regulation of ITM2A protein in C22 only.
Conclusion: Denervation-like changes in this model develop slowly with onset of atrophy and weakness at about three
weeks of age, before detection of extrajunctional acetylcholine receptors. Altered Itm2a expression seems to begin early as
an increase, but becomes distinct as a decrease later.
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INTRODUCTION

The C22 mouse is a model of human Charcot-
Marie-Tooth disease 1A (CMT 1A) that results from
duplication of the PMP22 gene. It carries 7 copies
of the human PMP22 gene in addition to its normal

ISSN 2214-3599 © 2021 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:jens.reimann@ukbonn.de
https://creativecommons.org/licenses/by-nc/4.0/


S284 F. Deres et al. / Early Changes C22 Muscle

murine Pmp22 genes [1] on a C57BL/6J background.
It shows a severe dysmyelinating neuropathy readily
detectable at the 4th postnatal day in nerve pathol-
ogy and by observable weakness about the third
week of life. The latter is demonstrated by a splay-
ing of the hind limbs when the mouse is lifted by its
tail. However, like various other CMT mouse mod-
els, it deviates critically from the human disorder in
the aspect of axonal loss. While CMT 1A patients
suffer severe axonal loss during early adult life, neu-
ropathological analysis of C22 nerves show severe
dysmyelination (42% dysmyelinated fibres, g ratio of
appr. 0.8), but no signs of axonal loss up to 18 months
of age, when it has long developed severe weakness
[2].

The early response of skeletal muscle to den-
ervation, as characterised mostly by neurotomy
experiments, develops in the following sequence:
the resting membrane potential decreases after 3
to 6 hours, after > 24 hours areas of extrajunctional
membrane sensitive to acetylcholine appear [3], then
spread, due to extrajunctional expression of acetyl-
choline receptors (AChR) [4]. Within a few days a
severe loss of muscle fibre cross-sectional area, i.e.
atrophy, and changes in the ultrastructural morphol-
ogy follow [5]. This is denervation in the strict sense,
the reaction of skeletal muscle fibres to the actual
loss of contact with their motoneuron. However, other
ways to inhibit the lower motoneurons’ interaction
with the muscle fibres, e.g. by block of nerve con-
duction, axonal transport or acetylcholin release or
receptibility, respectively, have been the subject of
numerous investigations. Their results indicate that
synaptic contact dominates the trophic interactions
between motoneuron and fibres in mature muscle [6].
Blocking the various aspects of the motoneuron’s
activity without loss of synaptic contact leads to a
pathology very similar to that caused by neurotomy,
yet generally less severe, slower to develop and with
subtle differences depending on the method used [7].
This pathology has been described as “denervation-
like changes” [6, 8]. While most of these studies
required application of neurotoxic substances or inva-
sive procedures, the C22 model creates a situation
with an “innervation deficit” without loss of synaptic
contact, without the influence of products of neuronal
degeneration or experimental tissue damage and – in
young mice – without manifest weakness. The C22
mouse therefore seems ideal to study the effect of
such “functional denervation” on the skeletal muscle.
We investigated the early changes in tibialis ante-
rior muscles of young C22 mice in comparison to

their wild-type littermates. We selected one sample
group at 10 postnatal days, before the onset of weak-
ness, and a second at 21 days, i.e. at the onset of
weakness but before the onset of macroscopic atro-
phy and behavioural differences. Three-month-old
female breeders were used additionally to gain some
reference points on later development in these mice.

In addition to morphometric and histochemical
investigations, we used representional difference
analysis (RDA) [9], a mRNA comparison technique,
to search for new aspects of early skeletal muscle
changes due to insufficient motoneuronal activity,
preferably without a known connection to the above-
mentioned well-described sequence

MATERIAL AND METHODS

Samples used

Human muscle
Residual material of a diagnostic muscle biopsy

performed and investigated in our clinic was used.
The patient had indicated previously in the writ-
ten consent for biopsy work-up, that such scientific
use was agreed once the diagnostic procedures were
completed. Both, the written consent and the proce-
dures used in the present study were approved by
the local Ethic Committee (Ethikkommission an der
Medizinischen Fakultät der Rheinischen Friedrich-
Wilhelms-Universität Bonn; 069/03, 070/03 and
085/16). No procedure on humans was performed
specifically for this study.

Muscle specimen was obtained by standard open
biopsy during diagnostic work-up for neuromuscu-
lar complaints, in this case a vastus lateralis sample
obtained as a diagnostic biopsy from an adult male
caucasian patient complaining of muscle symptoms
but ultimately deemed to be free of neuromuscular
disease. The muscle was frozen in melting isopentane
and stored in liquid nitrogen.

Mouse muscle
As male C22 do not breed well, female C22 mice,

kindly provided by Clare Huxley, were transferred
from the Division of Biomedical Sciences, Impe-
rial College, London, UK, and inbred with inbred
C57BL/6J (Harlan Winkelmann, Borchen, Germany)
in the animal facility of the University of Bonn Med-
ical Centre (Haus für Experimentelle Therapie). All
mice were then housed in this institutional animal
facility where all animal handling, husbandry and
further procedures were performed under the super-
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vision and with the approval of the local animal
care and use committee with the head veterinarian
as animal welfare officer in accordance with insti-
tutional and international guidelines (Federation of
European Laboratory Animal Science Associations)
and the national law. The need for further approvals
was waived as the national law (Tierschutzgesetz, §7)
does not regard the breeding and killing of animals
for the removal of organs or tissues for research in the
absence of further procedures on the living animal as
an animal experiment, unless their very phenotype
leads to suffering.

The mice had ad libitum access to water and
standard mouse chow. They were maintained at a con-
stant temperature of 22◦C in rooms with a 12-hour
light/dark cycle. Mice were killed by decapitation at
the age of 10 and by cervical dislocation at the ages 21
days and three months, respectively. Distal muscles
are considered to be more affected by neuropathic
conditions in which nerve conduction is disturbed as
a length-dependent process. We therefore sought a
well-defined distal muscle to sample. Soleus mus-
cles of the young mice were of too small volumes,
therefore tibialis anterior (TA) muscles were used. TA
muscles were removed and either frozen in melting
isopentane and then transferred to liquid nitrogen for
histological analysis or snap frozen in liquid nitrogen
for mRNA or protein extraction. DNA was extracted
from tail snips and transgene status and gender [10]
determined by PCR (primer sequences in supplemen-
tary Table S2). Wild type litter mates of the C22
offspring were used as controls throughout. In prepar-
ing the muscles from litters, left and right TA were
used alternatingly for protein/ mRNA extraction or
histology. However, this was done before genotyping,
therefore distribution of left and right side muscles in
groups was random. The same applied to gender with
the exception of the 3-month-old mice, which were
female breeders of the litters used at 10 and 21 days
exclusively. This last group was used only as addi-
tional reference for the changes found in the younger
age groups. The individual muscles used for the RDA
were from female mice to avoid selecting gender
differences, in particular due to Y-chromosomal tran-
scripts.

Histology

Myofibre preparations
Isolation of myofibre bundles/ single fibres was

performed by manual separation of longitudinally

cuts of mouse TA muscle or biopsy sample in
‘relaxation solution’ [11]. The fibres were then dried
on glass slides, fixed and stained the same way as the
cryostat sections (s. below).

Immunohistochemistry (IHC)
Transverse cryosections were cut at 6 �m thick-

ness and transferred onto silaned glass slides. In the
cases were mouse antibodies had to be used on mouse
tissue, frozen sections were dried at 37◦C, fixed with
acetone for 5 minutes at –20◦C, air dried and then
blocked for 30 minutes with 10% normal goat serum.
To block endogenous mouse IgG, they were incu-
bated with unconjugated AffiniPure goat-anti-mouse
Fab fragments (Jackson ImmunoResearch Europe,
DIANOVA, Hamburg, Germany) diluted 1:10 in
bovine serum albumin (BSA) for a minimum of 2
hours at 4◦C. Then the sections were washed with
phosphate buffered saline (PBS) solution and incu-
bated over night at 4◦C with the primary antibodies
in PBS.

If no mouse-on-mouse situation had to be obs-
erved, sections were fixed in a 1:1 methanol acetone
mixture for 5 minutes at –20◦C, air dried and blocked
for 30 minutes with 10% normal serum of the animals
in which the secondary antibody was raised, washed
in PBS and then incubated over night at 4◦C with the
primary antibodies diluted in PBS. After thorough
washing with PBS, secondary antibodies diluted in
PBS were applied for an hour at room temperature. In
the mouse-on-mouse case, DyLight-594-conjugated
AffiniPure goat-anti-mouse F(ab’)2 fragments (Jack-
son Immuno Research) were used. Following further
washes with PBS, nuclei were stained by two minutes
incubation in a solution of bisbenzimide (0.5 g/ml;
Sigma-Aldrich Chemie, Taufkirchen, Germany) in
PBS at room temperature prior to a final PBS wash.
The sections were finally mounted in a Mowiol
4–88 (Calbiochem, Merck Chemicals, Schwalbach,
Germany) and glycerol mix in pH 8.5 Tris buffer
with 0.1% DABCO (1,4-Diazabicyclo(2,2,2)octane;
Sigma-Aldrich).

For immunohistochemical analysis of integral
membrane protein 2a (ITM2A) we used an affinity-
purified polyclonal rabbit antiserum raised against the
polypeptide CLTGKELRVVPQEKDG as produced
and provided by Eurogentec (Liege, Belgium). The
latter 15 amino acids are equivalent to AA 34-48
just C-terminal of the helical transmembrane stretch
(AA 54-74) of mouse ITM2A protein according to
UniProt (Q61500). All antibodies used are found in
supplementary Table S1.



S286 F. Deres et al. / Early Changes C22 Muscle

Histochemistry
Further histochemistry used Atto 565-fluorescent

labelled phalloidin (Sigma-Aldrich) and FITC-con-
jugated �-bungarotoxin (�-BuTX; Molecular Probes,
Life Technologies, Darmstadt, Germany). Sections
were incubated for one hour at room temperature
in 2 ng/�l FITC-conjugated �-BuTX prior to or
0.01�mol/l Atto 565-fluorescent labelled phalloidin
in PBS after fixation with acetone (5 minutes at
–20◦C), which was then followed by immunostaining
as described above.

Microscopy and image documentation
We used a Nikon H800 microscope (Nikon, Ger-

many) with a SPOT FLEX 64 Mp Shifting Pixel
CCD-camera (model #15.2, Diagnostic Instruments
Inc., Visitron Systems GmbH, Germany) and SPOT
software (version 4.6, Visitron Systems), as well as
a Leica TCS NT confocal microscope with Leica
confocal software (version 2.00, build 0871, Leica
Microsystems, Germany).

Morphometric analysis
Muscle fibre diameters were measured accord-

ing to the ‘lesser diameter’ technique [12] with
Scion Image (Scion Corporation, Frederick, Mary-
land, USA) from anti-laminin immunostain image
files at 40fold primary magnification for the 10 days
and 21 days groups and at 20fold primary magnifica-
tion for the 3 months group. Muscle fibre diameters
of more than 500 fibres from four or more muscles
were measured per group (details in Table 1). For
statistical analysis Kruskal-Wallis One Way Analy-
sis of Variance on ranks was followed by Dunn’s All
Pairwise Multiple Comparison procedure for the 10
days and 21 days groups. The 3 months groups were
tested by Mann-Whitney Rank Sum Test as data was
not normally distributed.

Muscle fibre nuclei and muscle fibres were counted
from five 10-day-old C22 (10dC22), six 10-day-old
controls (10dco), seven 21-day-old C22 (21dC22),

nine 21-day-old controls (21dco), five 3-month-
old C22 (3mC22) and four 3-month-old controls
(3mco).TA were analysed, assessing the number of
fibres, number of nuclei in fibre profiles (as defined
by anti-laminin immunohistochemistry) and number
of nuclei in muscle fibre profiles not in a periph-
eral (i.e. subsarcolemmal) position. Such internalised
and in particular central nuclei are considered a sign
of immaturity and regeneration. For the young age
groups (10dC22, 10dco, 21dC22 and 21dco) One
Way Analysis of Variance followed by All Pairwise
Multiple Comparison procedure were used for sta-
tistical testing of the resulting ratios of nuclei/ fibre
profile and fibres with internalised myonuclei. As the
data for the former ratio was normally distributed,
but not for the latter, the former ANOVA was calcu-
lated with means and Tukey All Pairwise Multiple
Comparison, while the latter was on ranks and used
Dunn’s All Pairwise Multiple Comparison. Data from
the 3-month-old groups were compared by t-tests.

For comparison between fluorescence stains on
muscle sections from the four mouse groups 10dC22,
10dco, 21dC22 and 21dco, fixed exposure time and
further settings were used acquiring the images. If
modification steps with image software (Gimp 2.8
and Adobe Photoshop CS6, respectively) were nec-
essary, these were applied to all the individual images
compared to ensure identical treatment (details are
given in the figure legends).

RNA based analysis

RNA extraction
Total RNA was extracted from whole muscle

samples using Trizol reagent (Gibco Brl, Life Tech-
nologies), following the manufacturer’s protocol.

Representational Difference Analysis (RDA)
RDA was carried out as published [9], except for

the use of SMART cDNA library construction kit

Table 1
Morphometric parameters

Group 10dC22 10dco 21dC22 21dco 3mC22 3mco

total fibres measured 2,197 3,138 2,455 2,738 1,054 627
individual muscles 5 6 7 9 5 4
median fibre diameter (�m) 15.39 15.36 18.19∗ 22.48 21.02∗∗ 26.01
fibre diameter range (�m) 4.36–34.88 4.18–42.36 5.76–54.16 4.20–56.59 2.71–69.28 3.57–74.79
nuclei per fibre profile mean 0.73 0.79 0.77 0.87 0.90∗∗∗ 1.07
fibres with internalised 0.49 1.43 0.66 1.85 1.18 1.29

myonuclei (%) mean
∗statistically significant different in comparison to 21dco, p < 0.05 ∗∗statistically significant different in comparison to 3mco, p < 0.001
∗∗∗statistically significant different in comparison to 3mco, p < 0.05
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(Clontech, BD Biosciences, Heidelberg, Germany)
to build the initial cDNA library according to man-
ufacturer’s protocol. RNA samples from the TA
muscle of one female C22 mouse (for the tester)
and one female control mouse (for the driver) at 10
days and 21 days of age, respectively, were used
as the basis of the comparisons. Serial hybridisa-
tions were carried out at 1:100, 1:800 and finally
1:80,000 tester:driver ratios to select sequences only
present in the tester, i.e. C22. The amplified prod-
ucts were cloned into TOPO (TOPO TA Cloning
Kit (2.1 TOPO vector; Invitrogen, Life Technolo-
gies) and sequenced from these using a ABI PRISM
310 Genetic Analyzer (Applied Biosystems, Life
Technologies) with BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems).

Quantitative PCR (qPCR) and relative
expression analysis

The cDNA from total RNA of individual TA mus-
cles from the groups 10dC22, 10dco, 21dC22 and
21dco was synthesised with SuperScript III First-
Strand Synthesis System for RT-PCR (Invitrogen)
in accord with the manufacturer’s instructions. Then
qPCR were performed on an iCycler Thermal Cycler
using MyiQ Optical Module single colour detection
(both Bio-Rad, Munich, Germany) with SYBR Green
PCR Master Mix (Applied Biosystems) and anal-
ysed with MyiQ Optical Module software (Bio-Rad).
Primers used for the individual candidates are listed
in supplementray Tab S2.

All primer pairs were used after gel analysis and
sequencing of test PCR products confirmed a correct,
single product. Likewise, random qPCR products
samples were controlled by agarose gel (Sigma-
Aldrich) electrophoresis to ensure that they amplified
indeed a single product of the desired size.

The cDNA samples from individual muscles were
run at least in triplicate for each candidate and for
Gapdh as housekeeper gene. The arithmetic means
of their threshold cycle values determined by these
qPCR for 25 10dC22 and 27 10dco as well as 25
21dC22 and 25 21dco TA and the triple measure-
ments of serial cDNA dilutions for each PCR to
determine its efficiency were analysed with Relative
Expression Software Tool (REST) 2009 [13]. This
software normalises the qPCR threshold cycle values
by the efficiency of the individual PCR set-up and
calculates the relative expression of the candidates in
relation to the housekeeper. Pairwise fixed realloca-
tion randomisation testing is used to detect statistical

differences of the expressions between the groups,
calculating p-values to determine significant differ-
ences. In this way the C22 samples in both age groups
10 days and 21 days were tested against respective
controls. We then compared the 21 days controls
and C22 with the respective 10 days groups in the
same way to register changes during further growth
and development. P-values were corrected for this
repeated testing.

Protein based analysis

Protein extraction
Muscles were homogenized first mechanically

with a fitted plastic pestle and then sonicated
(500 W Cole-Parmer Ultrasonic Processor, Schwal-
bach, Germany) in lysis buffer (SDS (Merck),
DTT, EGTA, EDTA, Bromphenol Blue (all Sigma-
Aldrich) and Glycerol (Invitrogen) in Laemmli buffer
(AppliChem, Darmstadt, Germany)), boiled for 15
minutes, centrifuged for 15 minutes at 13,000 rpm
and the supernatant transferred under protease inhibi-
tion with Complete Mini Protease Inhibitor Cocktail
tablets (PI; Roche; Roche Diagnostics, Mannheim,
Germany) and 1 �l phenylmethylsulfonyl fluoride
(PMSF; Sigma-Aldrich). The total protein concen-
tration was determination with Lowry Method using
Total Protein Kit (Micro Lowry, Peterson’s Modifi-
cation; Sigma-Aldrich) and a UV-2102 PC scanning
spectrophotometer and cell positioner CPS 260 (Shi-
madzu Europa, Duisburg, Germany).

SDS-PAGE and western blotting
Protein extracts of 10 �g for anti-GAPDH blot-

ting and 25 �g for all other antibodies in the 10 days
and 21 days groups as well as 20 �g for anti-
ITM2A and 15 �g for anti-PITPNC in the 3 months
groups were separated by 15% SDS–PAGE under
reducing conditions and transferred onto PVDF
membrane with a pore size of 0.45 �m (Immobilon-P;
#IPVH00010; Merck Millipore, Germany) over night
by wet-blotting method.

The membranes were blocked for 30 min with
PBST (PBS with 0,1% Tween 20, Sigma-Aldrich)
containing 5% milk powder for anti-PITPNC1 and
anti-GAPDH, but with Roti-Block (Carl Roth, Karl-
sruhe, Germany; #A151.2) diluted 1:10 in the case
of anti-ITM2A. Incubation with the primary anti-
body diluted in PBST in specific dilution (see
supplementary Tab S1) for 2 h, washing with PBST,
incubation with the secondary antibody diluted in
PBST in the specific dilution at room temperature



S288 F. Deres et al. / Early Changes C22 Muscle

for one hour, washing with PBST and later with PBS
followed. The membranes were incubated with the
Super Signal West Dura Extended Duration Sub-
strate (Thermo Fisher Scientific, Bonn, Germany)
for 2 min in the case of anti-PITPNC1-antibody and
anti-GAPDH-antibody or Super Signal West Pico
Chemiluminescent Substrate (Thermo), for 5 min in
the case of anti-ITM2A-antibody. Afterwards the
membranes were placed on a radiographic film (Min-
R 2000, Kodak) in a radiographic cassette (Kodak
X-OMAT, Carestream Health, Stuttgart, Germany)
over night. Next, the film was developed in the
Kodak X-OMAT 1000 Processor. For quantification,
the films were scanned and using Scion Image Soft-
ware and a 20-step visual grey scale standard, we
determined the individual bands’ density and nor-
malised by GAPDH controls. Samples were analysed
in triplicate and the arithmetic mean used for ANOVA
and Tukey All Pairwise Multiple Comparison, test-
ing samples from seven individual TA muscles from
10dco, 10dC22, 21dco and 21dC22, respectively.
Likewise, samples from four 3mco and five 3mC22
TA were investigated, using Mann-Whitney Rank
Sum Test for ITM2A and t-test for PITPNC, respec-
tively, to compare these groups.

To test for phosphorylation of eIF2S2, we preincu-
bated a sample of one of the 10dC22 TA with and one
without the suspect additional band (see below) with
300 U of alkaline phosphatase for 30 minutes at room
temperature prior to Western blotting as described
above.

RESULTS

Immunohistochemistry and histochemistry for
nicotinic acetylcholine receptor α-subunit
localisation

Using both, a monoclonal antibody against the
AChR �-subunit and FITC-conjugated �-BuTX, we
were unable to detect reactivity on the extrajunc-
tional membrane areas of 10dco (n = 4 muscles),
10dC22 (n = 4), 21dco (n = 5), 21dC22 (n = 6) and
3mco (n = 3), respectively, while neuromuscular end-
plates always showed strong reactivity with both
stains (Fig. 1). Only in the samples of 3mC22 (n = 5),
we found fibres with reactivity along the transversely
cut fibres’ circumference, clearly outside neuromus-
cular endplates. Interestingly, we found rare fibres
with anti-AChR� reactivity within the fibres cross-
sectional area (Fig. 1l).

Morphometric analysis

Comparison of macroscopic and microscopic
gross morphology of TA showed no difference
between the groups at 21 and 10 days, respectively.
The presence of more atrophic fibres in 3-month-old
C22 in comparison to 3-month-old controls could be
identified on every section. In quantitative analysis,
the only statistically significant difference within the
young age groups was found in the ‘lesser diameter’
of the muscle fibres at the age of 21 days (Kruskal-
Wallis one way ANOVA on ranks with Dunn’s all
pairwise multiple comparison; p < 0.05), with smaller
diameters in the C22 group, presumably indicating
the onset of atrophy in the 21 days group. Fibre diam-
eters in the 10 days groups were not different, neither
were the number of nuclei per fibre profile nor the
number of internalised myonuclei in these two age
groups. The increase of muscle fibre size in postna-
tal growth of the mice was detected easily, but no
pathologically high or increasing rate of internalised/
central nuclei found. In the 3 months age group,
Mann-Whitney Rank Sum Test indicated a statisti-
cally significant difference in the fibre diameters with
the 3mC22 mice showing the smaller median diam-
eter. There was no statistically significant difference
for the number of fibres with internalised myonuclei.
This number of fibres with internalised myonuclei
was not increased in either group. However, the
number of nulei per fibre profile was statistically sig-
nificant different with a lower mean in the 3mC22.
For details see Table 1 and fibre size histograms in
Fig. 2.

Representatial difference analysis

Basic Local Alignment Search Tool (BLAST;
http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches of
RDA selected sequence fragments identified nine
gene transcripts from the 10-day-old mice and five
from the 21-day-old mice, listed in Table 2. From
these we selected integral membrane protein 2a
(Itm2a), eukaryontic translation initiation factor 2
beta (Eif2s2) and cytoplasmic phosphatidylinositol
transfer protein 1 (Pitpnc1) for further analysis. This
selection was based on the strength of the RDA
results, i.e. when multiple fragments of a sequence
were identified, and the fact that at the time we found
no data linking these candidates to denervation and
very little data on their role in skeletal muscle at all
[14].

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Fig. 1. Detection of acetylcholine receptor �-subunit by (immuno)histochemistry. Double staining FITC-conjugated �-bungarotoxin (�-
BuTX-FITC; a–c and g–i) and anti-acetylcholine receptor (�-subunit) (aAChR�; d–f and j–l). 10dco (a, d), 10dC22 (g, j), 21dco (b, e),
21dC22 (h, k), 3mco (c, f) and 3mC22 (i, l). Intense reactivity at neuromuscular endplates in a, c, d, f, g, i, j and l, but on extrajunctional
sarcolemma only in l and – weaker – i. Note that while all images of a staining were acquired with identical exposure times, settings etc.,
further processing for presentation are identical between age groups only. This is due to changing background reactivity, in particular in the
mouse-on-mouse situation, in the different ages. Primary magnification was 20fold, scale bar in (c) indicates 100 �m for all images.
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Fig. 2. Fibre diameter histograms. Fibre diameter histograms of (from top to bottom) 10 days, 21 days and 3 months. C22 on the left, controls
on the right. Note difference in Y-axis scale for the 3 months groups that include fewer fibres.

Table 2
cDNA identified from RDA amplified sequence fragments

cDNA BLAST-identified Accession age group

actinin alpha 2 (Actn2) NM 033268 10 days
cofilin 1, non-muscle BC058726 10 days
CUB and zona pellucida-like domains 1 (Cuzd1) NM 008411 10 days
phosphatidylinositol transfer protein, cytoplasmic 1 (Pitpnc1) BC082333 10 days
translation initiation factor 2, subunit 2 (Eif2s2) NM 026030 10 days
integral membrane protein 2A (Itm2a) NM 008409 10 days
myostatin (Gdf8) NM 010834 10 days
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11 NM 019435 10 days
18-day embryo whole body cDNA, RIKEN AK003175 10 days

full-length enriched library, clone:1100001I18
product:tropomyosin 2, beta, full insert sequence.

mesencephalic astrocyte-derived neurotrophic factor (Manf) NM 029103 21 days
Similar to cytochrome c oxidase III BC012020 21 days
13 days embryo heart cDNA, RIKEN full-length AK052209 21 days

enriched library, clone:D330008P16 product:
hypothetical EPSP synthase (3-phosphoshikimate
1-carboxyvinyltransferase)/Short-chain dehydro-genase/
reductase (SDR) superfamily containing protein

tropomyosin 1, alpha (Tpm1), transcript variant Tpm1.6 NM 024427 21 days
ubiquitin A-52 residue ribosomal protein fusion product 1 BC054413 21 days

qPCR

Analysis of qPCR measurements with REST
2009 software [13] confirmed up-regulation of all
three selected mRNA in the 10dC22. However, the

factors involved were all below two-fold and without
statistical significance. All three mRNA were down-
regulated in 21dC22 mice, again without reaching
statistical significance. To look further into the
changes between the two ages selected, we again
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used REST 2009 software to compare the 21-day-old
with the 10-day-old within the groups. Pitpnc1 was
non-significantly up-regulated in 21dco in compari-
son to 10dco and non-significantly down-regulated in
21dC22 in comparison to 10dC22. In contrast, statis-
tically significant down-regulation was found for both
Itm2a and Eif2s2 in the 21-day-old mice in controls as
well as C22. For C22 this reached a down-regulation
of more than 9-fold for Itm2a. Details can be found
in Fig. 3.

Western blotting

Confirmation of the effects found for mRNA reg-
ulation was sought by Western blot analysis. The up-
and down-regulations found in qPCR result compar-
ison were detected here as well with the exceptions
of the down-regulation of ITM2A in the compari-
son of 21dC22 with 21dco and the up-regulation of
PITPNC1 in the comparison of 21dco with 10dco.
However, the only regulation reaching statistical sig-
nificance here was the down-regulation of ITM2A in
the comparison of 21dC22 with 10dC22 (details in
Fig. 3). No statistically significant differences were
found between the 3-month-old C22 and controls. We
had to abandon quantitative comparison of eIF2S2
(frequently referred to as eIF2�) Western blots when
we discovered a strong approximately 55 kDa band
in addition to the main approximately 50 kDa band
in two of our 10dC22 samples. This band was no
longer detected after phosphatase pretreatment indi-
cating that it represents a phosphorylated form of
eIF2S2 [Supplementary Figure S1]. As this band was
found in one male and one female 10dC22, but not
in the other five samples in this group or any other
sample in the other groups, we were unable to
attribute it to any of the experimental parameters,
despite the occurrence in 10dC22 only.

Immunohistochemistry

As vasculature, connective tissue and peripheral
nerve were obviously included in the tissue samples
used to gain the mRNA and protein extracts used
above, immunostains were carried out to clarify the
distribution of the candidate proteins within muscle
sections and to further confirm the changes described
above. Moreover, to address the possibility that the
differences detailed above are only a disturbance in
the physiological sequence of postnatal growth and
maturation, we included sections from 3-month-old
C22 (3mC22) and wild type control (3mco) TA.

Integral membrane protein 2a (ITM2A)
Throughout all groups, the highest immunoreactiv-

ity for ITM2A was found in the walls of perimysial
arterioles and in the sarcoplasm of some but not all
intrafusal fibres (i.e. fibres in muscle spindles). There
also was pronounced reactivity at myotendinous
junctions, but these were encountered too infre-
quently to asses in all groups. For these reactivities, as
well as for a mild capillary reactivity, there seemed to
be no differences between C22 and control TA mus-
cles. However, for the sarcoplasmic reactivity of the
extrafusal muscle fibres outside myotendinous junc-
tions, a gradient of reactivity was found from highest
immunofluorescene in the 10dC22 via the 10dco via
the 21dco to the 21dC22 with the lowest signal as
shown in Fig. 4. In the three-month-old group overall
reactivities were not judged to be different from the
21-day-old with the same difference between control
and C22. Immunoreactivity on transverse sections of
muscle fibres profiles showed a fine pattern ranging
from weak and spotted to strong, more interlaced or
reticular with a fibre type difference throughout with
small diameter fast fibres exhibiting strongest reac-
tivity. Mouse and human fibre preparations at lower
magnification showed reactivity in a broad band that
localises with the reactivity to phalloidin, therefore
excluding the H-band (Fig. 5g-i). At higher magnifi-
cation using human fibres this broad band was divided
in halves by the Z-band, where little reactivity was
found, and separated further into two main bands
with some reactivity in between. Of these bands,
the one bordering the Z-band frequently showed the
more intense staining (Fig. 5j-l). In double immuno-
labelling with an antibody against the dihydropyrdine
receptor’s alpha subunit (DHPRalpha) the two stains
matched for these bands, but within the bands there
was no exact co-localisation (Fig. 5a-f, n-o). Thus,
integral membrane protein 2a appears to be at the
level of the sarcomere structures between Z-band and
A/I-band junction. Confocal microscopy, in particu-
lar the co-stain with phalloidin, furthermore argues
for far more immunoreactivity at the sarcolemmal
level than within the sarcoplasm (Fig. 5g-i).

Phosphatidylinositol transfer protein,
cytoplasmic 1 (PITPNC1)

Sarcoplasmic immunoreactivity of extrafusal
fibres presented in a relatively coarse pattern with
no difference between the control and C22 groups.
However, in the 10dC22 a reactivity of endomysial
connective tissue was seen, that could not be found
in the control group. Likewise, capillary reactivity
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Fig. 3. Relative expression of candidate sequences by qPCR and western blot. Column diagram of x-fold up- and down-regulations of
Pitpnc1, Eif2s2 and Itm2a, respectively, for qPCR (black) and western blot (PITPNC1 and ITM2A; grey), in the comparisons between the
experimental groups (C22 vs. control, upper half) and age groups (21d vs. 10d, lower half). Differences found statistically significant – after
appropriate corrections for repeat testing – are marked: ∗ p = 0.046; ∗∗ p = 0.008, ∗∗∗ p = 0.006, ∗∗∗∗ p < 0.001, # p = 0.045.



F. Deres et al. / Early Changes C22 Muscle S293

Fig. 4. Comparison of anti-ITM2A immunohistochemistry in samples of the young mouse groups. Anti-ITM2A immunohistochemistry of
TA muscles from 10dC22 (a), 10dco (b), 21dco (c) and 21dC22 (d), identical exposure time, settings etc. and image processing throughout.
Note gradient of muscle fibre reactivity. Primary magnification was 40fold, scale bar in (a) indicates 50 �m for all images.
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Fig. 5. Further determination of anti-ITM2A reactivity locations by immunohistochemistry. Confocal images of double immunohistochem-
istry anti-ITM2A (a, d) and anti-DHPR (�-subunit) (b, e) of a fibre from human vastus lateralis muscle (overlay in c and f) showing similar
distribution but not exact co-localisation of the reactivities. Primary magnification 63fold, digital zoom, scale bars in (c) and (f) indicate
25 �m and 2.5 �m, respectively. Confocal images of doublestaining anti-ITM2A (g) and Atto 565-labelled phalloidin (phall-565; h) of a fibre
from human vastus lateralis muscle (overlay in i). Both reactivities share a part of the sarcomere, anti-ITM2A reactivity is much stronger at
the sarcolemmal level than in the sarcoplasm. Primary magnification 63fold, digital zoom, scale bar in (i) indicates 5 �m. Confocal images
of double immunohistochemistry anti-ITM2A (j) and anti-desmin (k) of fibres from human vastus lateralis muscle free of signs of neuromus-
cular disease (overlay in l). Note double band of anti-ITM2A immunoreactivity framing the single anti-desmin band. Primary magnification
63fold, digital zoom, scale bar in (l) indicates 5 �m. Double immunohistochemistry anti-ITM2A (m) and anti-DHPR (�-subunit; n) of a fibre
from a 10dco TA muscle (overlay in o), demonstrating the same distribution of reactivities as in the human (a –f). Primary magnification
100fold, scale bar in (o) indicates 20 �m.

was much stronger in the C22 than in the control.
A somewhat stronger capillary reactivity could still
be seen in 21dC22, but not at three months. The

difference in connective tissue reactivity was only
present at 10 days. Perimysial vessels showed reactiv-
ity throughout as did neuromuscular junctions and the
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Fig. 6. Anti-PITPNC1 immunohistochemistry. Double immunohistochemistry with anti-PITPNC1 (a) and anti-neurofilament SMI31 (b)
(overlay in c) of an intramuscular nerve in a 3-month-old C57BL/6J litter mate control (3mco) TA muscle, showing strong axonal reactivity.
Anti-PITPNC1 (d) and anti-desmin (e) of a bundle of muscle fibres from a 10dco TA muscle (overlay in f). Anti-PITPNC1 (g) and anti-desmin
(h) of fibres from human vastus lateralis muscle free of signs of neuromuscular disease (overlay in i). Both reactivities are in close proximity,
but at least on the human fibre, anti-PITPNC1 reactivity localises to either side of the anti-desmin reactivity. Primary magnification 100fold
for all images, scale bars in (c, f, i) indicate 20 �m.

axons of peripheral nerves (according to co-staining
with anti-neurofilament antibody SMI 31; Fig. 6a-
c) encountered. Intrafusal muscle fibres showed less
reactivity than the extrafusal fibres (not shown).

Longitudinally, on mouse fibres reactivity mostly
matched that of anti-desmin, the band appearing
slightly broader in some places (Fig. 6d-f). Using

human fibres, this broad band consisted of two small
bands of high intensity along the outer edge of the
Z-band and a less reactive zone between these. In
the double immunostaining with anti-desmin, the
high intensity bands framed the anti-desmin reac-
tivity (Fig. 6g-i). This would localise anti-PITPNC1
immunoreactivity to be close to the Z-band level.
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DISCUSSION

According to our quantitative histology and RDA
data, the differences of C22 and control TA appear to
be minute prior to the onset of atrophy, as detected
in the fibre diameter analysis at 21 days. Both
the mRNA regulation differences in the 10-day-old
groups identified by RDA and the histomorpholog-
ical data compared were not statistically significant
different. The very high sensitivity of RDA depend-
ing on the dilution relations used is well known and
will lead to the amplification of appropriate cDNA
fragments even when of low abundance and/or with
only minor differences in concentrations. However, it
has to be kept in mind that for further analysis in this
project, we specifically selected transcripts from the
RDA that we could not readily attribute to the atro-
phy process. By not following up other candidates
(Table 2) we might have missed early significant reg-
ulations, e.g. for myostatin, a prominent key molecule
of muscle fibre atrophy [15].

In summary, our data suggests that the denervation-
like changes resulting from the dysmyelinating neu-
ropathy in the C22 mouse are slow to develop, and
were first evident in our study in the 21-day-old
group, an age when weakness of the hind limbs
can already be demonstrated. ‘Functional denerva-
tion’ seems to be a not entirely inapt description
in this model. However, the extent of the axonal
loss of the individual muscles’ respective nerves was
not determined, although it is known not to exceed
4% in adult mice [2]. While it is interesting that
neither RDA nor (immuno)histochemistry detected
extrajunctional expression of acetylcholine receptors
– in particular their �-subunit [7] – in 10dC22 and
21dC22, this does not prove a deviation from the
classical denervation sequence. Differences in the
methodology of detection used, as well as the basic
mechanism of pathology taking effect could well
account for a different time frame as well as scale
of these changes. The detection of extrajunctional
AChR �-subunits in the 3mC22 is in line with the
literature and the failure to detect these in 10dC22
and 21dC22 is in agreement with very early stages
of muscle pathology, which we aimed to investi-
gate. It should be noted that extrajunctional AChR
expression was found to be of limited time after den-
ervation in some experiments and that in chronic
neurogenic conditions not all atrophic fibre displayed
it [16]. Thus, it cannot be considered the pro-
gressive development of a universal and permanent
marker. A further deviation from classic denervation

experiments is the use of the TA muscle, based simply
on the smallness of individual distal hind leg mus-
cles of 10-day-old mice, as opposed to the traditional
choice of extensor digitorum longus/ soleus (fast/
slow) in adult rats. The lower number of nuclei per
fibre profile, statistically significant in the 3-month-
old C22, is in line with observations on the loss of
myonuclei as well as satellite cells – that were not
differentiated by using the anti-laminin immunohis-
tochemistry – in chronic neurogenic damage [17].
However, in the C22 mice investigated here, these
nuclei might not be lost but never gained due to
lack of fibre growth. Further studies towards this
aspect might be justified, as it could be important
in considerations concerning treatments of hereditary
demyelinating neuropathies, like CMT 1, in humans.

Following up the candidate sequences selected
from the 10 days RDA results, we found minor down-
regulations of these mRNA at 21 days throughout the
groups. As one unavoidable aspect of working with
mice of these ages is postnatal growth and develop-
ment, we carried out comparisons between the age
groups within C22 and control groups, detecting more
pronounced down-regulations, in particular of Itm2a,
that reached statistical significance in qPCR in both
groups and in the Western blot for the C22 group. It
therefore has to be considered that we observed differ-
ences in the schedule or extent of a common postnatal
development program, i.e. a maturation phenomenon,
overlapping with denervation-like pathology.

This appears to be in line with the known devel-
opmental course of ITM2A expression in skeletal
muscle. In most of the instances investigated, ITM2A,
a type II transmembrane glycoprotein with a BRI-
CHOS domain, is suggested to play a role in the devel-
opment, particularly the control of differentiation,
of mesenchymal cell populations (cartilage [18],
skeletal muscle [14, 19], thymocytes [20]) with the
exception of the inner enamel epithelium in odonto-
genesis [21], which is clearly of ectodermal origin.
The continuation of ITM2A expression in mature
muscle fibres has been described [19], pointing to a
function beyond an influence on fusion of myoblasts
or immature myotubes as noted in C2C12 cells [14];
and very likely beyond a role in adult myogenesis
[19], i.e. growth and regeneration, as well. Interest-
ingly, our immunohistochemistry suggests an overall
inverse correlation of denervation(-like changes) and
immunoreactivity up to 3-month-old C22 muscles
and suggests a localisation of the epitope detected
in the proximity of the A/I-boundary, therefore,
in possible association with the T-tubule system.



F. Deres et al. / Early Changes C22 Muscle S297

This system, with its essential role for excitation-
contraction coupling, has long been known to be
sensitive to neurogenic damage, however, affected
rather in the later stages of (neurotomy) denerva-
tion [5]. Could the ITM2A findings in our study be
explained as purely a disturbance in the maturation of
this system? When cells of the mouse myoblast cell
line C2C12 are incubated in differentiation medium,
Itm2a mRNA and respective protein increases from
the proliferative to the differentiation stage, but then
decreases slightly at terminal differentiation [22].
Thus, a delay in further maturation of 10dC22 muscle
could lead to a higher expression of Itm2a, resulting
in a bigger difference to levels at 21 days than in
controls. However, as abnormalities in C22 progress
in that time, presenting with denervation-like mor-
phological changes at 21 days, there is no reason to
assume a catching up of such a maturation delay. Fur-
thermore, IHC suggests that muscle fibre ITM2A in
21dC22 [Fig. 4] is lower than in controls. Therefore,
at least part of the difference will have its cause in
the denervation. However, as ITM2A Western blots
did not detect a significant difference between 3-
month-old C22 and controls, this argues against a
strict correlation to denervation pathology at least in
this age group.

The fact that PAX3, and likely PAX7, transcription
factors playing an essential role in skeletal muscle
development [23] and regeneration [24], are driv-
ing Itm2a expression [19] is interesting. However, it
seems unlikely to be relevant in mature muscle fibres,
as these Pax transcription factors are not found [24] in
their myonuclei. Itm2a expression is also known to be
regulated via fibromodulin, again more likely to play
a role in myogenesis and regeneration [22]. Further-
more, in adult murine heart muscle, Itm2a expression
is driven by microRNA-296 and suppressed by com-
peting long noncoding RNAs. [25], a mechanism that
is likely to escape our analysis.

The assembly of a translation initiation complex
of initiator methionyl-tRNA, mRNA and a range of
eukaryotic initiation factors (eIFs) is necessary for the
initiation of mRNA translation, thereby a major regu-
lation point for protein synthesis [26]. In this complex
the required exchange of GDP bound to eIF2 for
GTP is mediated by the guanine nucleotide exchange
protein eIF2B [27], with the eIF2B �-subunit con-
taining the catalytic domain [28]. Picking up changes
in the expression of an eIF2 subunit might therefore
be another instance of muscle metabolism moving
toward catabolism/ atrophy early in the course of the
consequences of the dysmyelinization. Changes in

the binding dynamics and phosphorylation of other
components of the complex have been reported to
be under the influence of myostatin/ GDF8 [29] and
reactive to denervation [30]. However, the reported
point of regulation is eIF2–eIF2B interaction [31],
with phosphorylation of eIF2S1 (eIF2�) inhibiting
the complex formation [32]. Again, given the changes
of particularly protein synthesis in a growing mouse,
especially in skeletal muscle, the down-regulations
in the later age stages could be considered the nor-
mal course of growth and maturation. The initial
up-regulation in comparison to the control in C22,
however, can at the present point not be attributed
with confidence to a regulatory mechanism already
described in the literature. We observed eIF2S2
phosphorylation in two of our 10dC22 samples not
present in any other sample, obstructing correlation of
qPCR and quantitative Western blot measurements.
It remains unclear how and if this post-translational
modification and the transcriptional regulation corre-
late and whether the former is related to the transgene
status as it was only found in a minority of 10dC22
samples.

Phosphatidylinositol transfer protein, cytoplasmic
1, Pitpnc1, also known as RdgBβ, is the most
enigmatic candidate we selected. It binds and trans-
fers phosphatidic acid and phosphatidylinositol [33].
While mutations in the genes of kinases and phos-
phatases modifying the derivatives of phosphatidic
acid and phosphatidylinositol are now recognised as
causing a spectrum of neurological disorders with
prominent neuromuscular diseases (X-linked myo-
tubular myopathy) among them [34], the role of
PITPNC1 in muscle health and disease is so far
unknown. Belonging to the class II of the phos-
phatidylinositol transfer protein (PITP) family, it
interacts with the angiotensin II receptor associated
protein (ATRAP) in the heart [33]. A differential
regulation of angiotensin II receptors in skeletal mus-
cle vasculature in early denervation is a tempting
speculation. In particular as the response of the mus-
cle’s microvasculature to denervation has so far been
described as the loss of capillaries occurring in long-
term denervated muscle, typically in atrophic muscles
months after neurotomy [35], possibly due to reduced
expression of angiogenesis-related factors [36], pos-
sibly correcting the relation of capillaries to muscle
mass via capillary necrosis [37]. However, muscle
cells are known to express both angiotensin receptors
(AT1R, AT2R) as well [38] and we showed anti-
PITPNC1 reactivity on muscle fibres. As we saw
differences in anti-PITPNC1 IHC for both, capillaries
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and muscle fibres, as well as axonal reactivity, we
have to consider the possibility of a variety of expres-
sion changes by several tissue elements that have yet
to be untangled.
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