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Molecular Changes in Muscle

Introduction

Both prolonged axotomy and prolonged denervation can influence the extent of functional
recovery which can be achieved after a peripheral nerve idjuy; [n the latter case deterio-
ration of the intramuscular nerve sheaths results in failure to attract and provide support for
the regenerating axong][ Furthermore, following reinnervation, long term denervated muscle
fibres fail to recover entirely from atrophy, most likely as a result of reduced satellite cell (SCs)
numbers and impaired SCs activity levéls[Moreover, muscle regeneration is severely
impaired by denervation-induced deposits of extracellular matrix and the spatial separation of
SCs{l]. Fu et al [] described that prolonged denervation is very detrimental regarding the
functional recovery after a peripheral nerve injury and accounts for a 90% reduction in the
number of functional motor units, compared with a 30% reduction after prolonged axotomy at
the same time point, which highlights the importance of the target organ as a critical factor
regarding the final outcome of a peripheral nerve injury.

Based on the expression of the myosin heavy chain (MyHC) gene, it is possible to define
four different types of muscle fibres including type I, lla, lIx and Hphich diverge along a
continuum of contraction speed and endurance. Type | is slow contracting, with a high capac-
ity for oxidative metabolism and good endurance and type lIb fibres are fast contracting, fatiga-
ble and mainly dependent on glycolytic metabolism. Thus, fast and slow fibres contain fast and
slow MyHC isoforms that display high or low actin-dependent ATPase activity, respectively
[6]. Depending on the biochemical and physiological properties of the muscle it is more, or
less, vulnerable to various types of insult, and studies suggest that the muscle phenotype may
influence the disease progressidh Previously, we showed in a sciatic nerve injury model
with delayed repair, that the size of fast type fibres was significantly reduced after one month
delayed repair, whilst the slow type fibres were not significantly reduced in size until 6 month
delayed repairq].

Advances in molecular biology have highlighted the potential role of microRNAs (miRNAS)
in influencing clinical outcomes following peripheral nerve injurg3shiRNAs are a class of
small,* 22 nucleotides long non-coding single stranded RNAs, that negatively regulate gene
expression through post-transcriptional inhibition by complementary base-pair binding of the
mMiRNA seed sequence-{2nucleotides) in the 3 untranslated region of target mRNAS(].
miRNAs down regulate gene expression by two different mechanisms, translational repression
and mRNA degradatiorf] 10}, which is dependent on the degree of complementarity. Thus,
when a microRNA imperfectly pairs to its target mRNA, translational repression is thought to
be the primary mechanism of action, while mRNA cleavage is thought to take place when
miRNA perfectly pairs to the targeted mRN®# (. Since the requirement for target comple-
mentarity is only partial, one single miRNA can potentially control hundreds of target genes
and each mRNA can be regulated by several different miRNIASF].

Both central and peripheral axons contain miRNA and it has been demonstrated that the
mMiRNA biosynthetic machinery responds to peripheral nerve lesions in an injury regulated
pattern; at least 280% of human protein coding genes are modulated by miRNAsThus,
miRNA exerts a complex network of negative gene regulation but the physiological significance
of these pathways remains to be elucidated. The muscle specific mMiRNAs, miR-1 and miR-206,
together with several non-muscle specific microRNAs, are required for muscle proliferation
and differentiation through interaction with myogenic factors. MyoD, myogenin, MRF4 and
myf5, all myogenic regulatory factors (MRFs), form a family of muscle-specific basic helix-
loop-helix (bHLH) transcription factors that govern differentiation of muscle cells during
development]3, 14]. MyoD and myogenin regulate differential muscle gene expresikipn [
and in the adult muscle, MyoD is highly expressed in fast muscle filBels/] and regulates
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Molecular Changes in Muscle

fast muscle developmeritq). Conversely, myogenin is highly expressed in slow muscle fibres
[16]. Each of the MRFs is capable of activating muscle-specific gene expression, yet distinct
functions have not been ascribed to the individual proteins. Myogenin and MyoD are tran-
scriptional regulators of miR-2068, 19). Thus there is increasing evidence that the interac-
tion between microRNAs and myogenic transcription factors may influence the outcome of
nerve injuries. Furthermore, Forkhead box O transcription factors (F@xpafd muscle-spe-
cific E3 ubiquitin ligases, such as muscle RING-finger 1 (MuRF1) and Atrogin-1/muscle atro-
phy F-box (MAFbx) R1], which mediates protein degradation through the ubiquitin
proteasome system (UPS), are critical players regarding the functional outcome of the target
organ following peripheral nerve injury.

By studying the expression of myogenic transcription factors, muscle specific microRNAs
and muscle-specific E3 ubiquitin ligases at several time points following denervation in two dif-
ferent muscles, the gastrocnemius and soleus muscles, containing mainly fast and slow muscle
fibres respectively, we aimed to gain more insight about how these molecular pathways influ-
ence the degree of atrophy following denervation.

Materials and Methods
Experimental animals and ethics statement

This study was approved by the Northern Swedish Regional Committee for Ethics in Animal
Experiments at Umea University (protocol number A186-12). Aduk-{2Gveeks old) inbred
female Sprague Dawley rats and adull@Bweeks old) inbred female Fisher F344 rats (Scan-
bur BK AB, Sweden) were used in this study. The animal husbandry was in accordance to the
standards and regulations provided by the National Institutes of Health Guide for Care and
Use of Laboratory Animals (NIH Publications No-28, revised 1985) and the European
Communities Council Directive (86/609/EEC). Surgery was performed aseptically under gen-
eral anesthesia using a mixture of Ketamine (Ketalar 50 mg/ml Pfizer, Sweden) and Xylazine
(Rompun 20 mg/ml Bayer Health Care, Germany) by intraperitoneal injection. Finadyne
(Schering-Plough Animal health 50 mg/ml) was administered post-operatively. Rats and their
well-being were observed throughout the experimental period.

Surgical procedures and experimental groups

The animals were divided into the following experimental groups: (i) sciatic nerve crush injury
(total n = 20, 5 animals for each time point), (ii) sciatic nerve transection without repair (total

n =20, 5 animals for each time point), (iii) sciatic nerve transection with immediate nerve
repair (n = 5) and (iv) sciatic nerve transection with delayed nerve repair (n = 14, 5 animals in
the 1 and 3 month delayed repair group and 4 animals in the 6 month delayed repair group).
The group that served as a control were un-operated animals (4 animals).

The sciatic nerve was exposed by bluntly dividing the gluteal muscles of the thigh. Under an
operating microscope (Zeiss, Carl Zeiss, Germany) the nerve was either crushed with a fine
aortic clamp for 10 s or transected at a standardized distance from the spinal cord, approxi-
mately 5 mm from the most proximal branch of the sciatic nerve. In the group with sciatic
nerve transection without repair the nerves were then capped to prevent distal reinnervation.
Caps were made out of polyethylene tubes and each nerve stump was introduced and anchore
to the cap using the 0 Ethilon suture. In the group with immediate nerve repair the nerve
stumps were bridged with a 10 mm sciatic reversed autograft. In the group with delayed nerve
repair after transection the nerve stumps were ligated approximately 1 mm from the cut end
using an 80 nonresorbable Ethilon suture and capped as above to prevent reinnervation. The
proximal stump was put under the femoral quadriceps muscle and the distal stump introduced
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into the popliteal fossa. After 1, 3 or 6 months, the wound was re-opened and the proximal and
distal stumps of the sciatic nerve were re-exposed, trimmeddmeh to remove neuroma/
scar tissue and repaired using a 10 mm sciatic reversed sciatic nerve graft from a donor Fisher
rat. The graft was fixed with four interrupted epineurial sutures aligned circumferentially in
each anastomosis using micro instruments and-8 h@nresorbable Ethilon suture. After sur-
gery the wound was closed in layers.

The operated animals were allowed to survive for 1, 7, 14 and 28 days in the groups with sci-
atic nerve crush injury and sciatic nerve transection without repair and 13 weeks after immedi-
ate or delayed nerve repair.

Tissue processing

Atthe end of the survival period the rats were terminally injected with an intraperitoneal over-
dose of sodium pentobarbital (240 mg/kg, Apoteksbolaget, Sweden). The medial gastrocnemiu
muscles and the soleus muscles from operated ipsilateral side and non-operated contralateral
side were harvested, weighed and fast frozen in liquid nitrogen.

Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from muscles using a miRNeasy mini kit (Qiagen, Sweden) and the puri-
fied RNA was quantified by determining the absorbance at 260 nm using a Nanodrop 2000/
2000c spectrophotometer (ThermoScientific, Sweden). Muscle samples from rats in each experi
mental group were pooled andd.ng total RNA was converted to cDNA using a First-Strand
cDNA Synthesis Kit (Bio-Rad iScript cDNA synthesis kit). The reaction mix was incubated in a
thermal cycler under the following conditions; 5 min at 25°C, 30 min at 42°C and finally 5 min at
85°C. gRT-PCR was subsequently performed using SsoFastTM EvaGreen Supermix (BioRad)
according to the manufacturer recommendations (enzyme activation at 95°C for 30 s followed
by up to 40 cycles of denaturation (95°C for 5 s) and annealing/extension (5s at optimal tempera-
tures shown below). A GeNorm bioinformatic analysis (integrated in gbasePLUS software, Bio-
gazelle NV, Belgium) of multiple commonly used housekeeping genes showed that actin, SDHA
and HSPCB were the best combination to use for normalisation when calculating gene expres-
sion changes for both muscle types and injury models upto 28 days. 18S was used in all other
experiments. MyoD forwarel-TGTAACAACCATACCCCACTCaBd reversé -AGATTTT
GTTGCACTACACAG+¥imers with annealing temperature of 60.6°C, myogenin forivard
CACATCTGTTCGACTCTCTTCa8d reversd -ACCTTGGTCAGATGACAGCT TpAmers

with annealing temperature of 58°C, Atrogin forwafdGAACAGCAAAACCAAAACTCAGTA-

3" andrevers& -GCTCCTTAGTACTCCCTTTGTGAA-Btrimers with annealing tempera-

ture of 60°C, MuRF forware -TGTCTGGAGGTCGTTTCCG-3ind revers® -ATGCCGGT
CCATGATCACTT-3primers with annealing temperature of 64°C, Actin forwaACTATC
GGCAATGAGCGGTTEaad reverse X AGAGCCACCAATCCACACAGH@Mers with

annealing temperature of 65°C, SDHA forwaPdAGACGTTTGACAGGGGAATGxH
revers&>TCATCAATCCGCACCTTGTA@imers with annealing temperature of 60.9°C,

HSPCB forwar&>GATTGACATCATCCCCAACE hd revers6>CTGCTCATCATCGTTGT
GCT-3primers with annealing temperature of 61.9°C and 18S forBf aFfCAACTTTCGATG
GTAGTCGC-%and revers6 “CCTCCAATGGATCCTCGTTAAgiImers with annealing tem-
perature of 61.4°C were purchased from Sigma, UK.

MicroRNA

Total RNA was prepared as above and muscle samples from rats in each experimental group
were pooled and-210 ng total RNA was converted to cDNA using a TaqiManicroRNA
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Reverse Transcription Kit (TagmarSmall RNA Assays). The reaction mix was incubated in a
thermal cycler under the following conditions; 30 min at 16°C, 30 min at 42°C and finally 5
min at 85°C. qRT-PCR was subsequently performed using Tdgtdaiversal PCR Master

Mix according to the manufacturer recommendations (enzyme activation at 95°C for 10 min
followed by up to 40 cycles of denaturation (95°C for 15 s) and annealing/extension (60°C for
60 s). The Tagman MicroRNA assays, hsa-miR-206 and rno-miR-1, were purchased from
Invitrogen, Sweden.

Muscle morphological analysis

7-12 m thick transverse sections of gastrocnemius and soleus muscles from the contra-lateral
and operated sides were cut on a cryostat. Sample were either stained with haematoxylin and
eosin or fixed with 4% (w/v) paraformaldehyde for 15 min and then blocked with normal
serum prior to immunostaining. 12n thick sections were incubated with monoclonal primary
antibodies raised against either fast and slow myosin heavy chain protein (NCL-MHCf and
NCL-MHCs, Novocastra, UK both 1:20 dilution) for 2 h at room temperature together with
rabbit anti-laminin antibody (Sigma; 1:200 dilution) nTthick sections were stained with rab-
bit anti-dystrophin antibody (GeneTex; 1:5000 dilution) and either mouse anti-MyoD anti-
body (BD Pharmingen; 1:200 dilution) or mouse anti-myogenin antibody (abcam; 1:200
dilution). After rinsing in phosphate-buffered solution, secondary goat anti-rabbit and goat
anti-mouse antibodies either Alexa Fluor 488 or Alexa Fluor 568 conjugated (Invitrogen; 1:200
dilution) were applied for 1 h at room temperature in the dark. The slides were cover-slipped
with Prolong anti-fade mounting medium containing DAPI. The staining specificity was con-
firmed by omission of primary antibodies. Preparations were viewed under an Eclipse80i fluo-
rescence microscope and images captured with Nikon Elements Imaging Software.
Morphometric analysis of muscle sections was performed on coded slides without knowl-
edge of their source. Five random fields were chosen (using the 20X objective) and images for
the immunolocalisation of each myosin heavy chain type plus that for laminin were captured
using the appropriate emission filters, and combined to provide dual-labelled images. Each
image contained at least 10 individual muscle fibres for analysis. Image-Pro Plus software was
calibrated to calculate the mean areanmfor each muscle. The injured side was expressed rel-
ative to the contra-lateral control side and the relative mean % + SEM calculated for each

group.

Statistical analysis

In order to determine the statistical difference between groups, one-way analysis of variance
(ANOVA) complemented by Bonferroni test (Prism Graph-Pad software) was used. Two-way
ANOVA was also used to further compare soleus and gastrocnemius muscles in each of the
analyses. Statistical significance was s@ka3.05, p<0.01, p<0.001.

Results

Morphological changes and atrophy of muscle after nerve injury

The medial gastrocnemius and soleus muscles harvested at various time points following eithe
nerve transection or nerve crush injury were stained with haematoxylin and Easii). As

early as 7 days after injury there were noticeable morphological changes, the muscle fibres
showed a more rounded shape compared with the characteristic mosaic pattern still evident at
day 1. The muscles harvested 28 days after nerve transection injury showed the greatest signs
of morphological atrophy; small muscle fibres were surrounded by large numbers of other
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Fig 1. Muscle morphology and quantification of weights. Gastrocnemius and soleus muscles were harvested at 1, 7, 14, 28 days following either sciatic
nerve transection (cut) injury or crush injury.(A) Sections of muscle tissue were stained with haematoxylin and eosin.(B) At the time of harvest, the contra-
lateral and operated muscle gastrocnemius and muscle soleus were weighed. Data are expressed as percentage of contra-lateral side weights after nere
transection (cut) and crush injury 1, 7, 14 and 28 days after nerve insult. Statistically significant differences compared with the contra-lateral igle are
represented by * P< 0.05, ** P< 0.01, *** P<0.001. Connecting bars also show* P<0.05, *** P<0.001 for soleus crush injury at 7 days v's 14 days and 28
days respectively. Two-Way ANOVA indicates gastrocnemius and soleus are significantly different (R<0.001) across the time course post-crush injury.

doi:10.1371/journal.pone.0142699.g001
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cells, presumably inflammatory cells and fibroblasts. In the animals treated with nerve crush
injury, the morphological changes were less marked at 28 days. Interestingly, the soleus mus-
cles 28 days after crush injury looked almost identical to the muscles 1 day after injury, suggest
ing a significant recovery with tim&iQ J).

Animals undergoing sciatic nerve transection showed a progressive decline in the medial
gastrocnemius wet weight over the period-6t8 days post-injuryiig 1). By day 28, there
was a 70.57% = 1,39 reduction in the weight of the operated side compared with the contra-lat-
eral sidefig 1). Animals undergoing crush injury, showed much less loss of muscle weight
(45.19% + 2.6 at day 28). There was a similar progressive weight loss in the soleus muscle of
animals with sciatic nerve transectiorid 1). In contrast, in the crush injury treated animals,
after an initial reduction in weight by 36.43% * 2.67, the weight of the soleus muscles recoverec
and showed just 19.13% + 2.90 loss at day-281. These results suggested that the soleus, a
predominantly slow fibre type muscle, was less susceptible to injury (showing a recovery from
day 7), so we investigated whether there were any specific differences between fast type and
slow type fibres in the mixed fibre type gastrochemius muscle.

Contra-lateral muscles from animals undergoing nerve transection or crush injury followed
by 7 or 28 days without repair showed a well-organized structure, predominantly populated by
fast type muscle fibre&ig 2. The muscles from the operated side of animals undergoing
nerve transection showed a much more affected morphology and an apparent reduction in
muscle fibre size compared to the operated side muscles from animals undergoing crush injury
especially in respect to fast type fibres) (. Furthermore, following nerve transection indica-
tion of muscle fibre grouping was observed with time. Quantitative analysis showed that the
animals undergoing sciatic nerve transection exhibited a 16.20% * 8.26 and 83.25% + 1.48
reduced fast type fibre area in the gastrocnemius muscle 7 and 28 days after injury respectively
(Fig 2. There was also a reduction in size in the slow type fibres, but to a lower extent (66.25%
+ 4.55 at 28 days). In the crush injury model no significant difference in fibre size was shown
between 7 and 28 days and neither a difference between fast and slow typéffitides (

Analysis of the expression of myogenic transcription factors, miRNAs
and muscle-specific E3 ubiquitin ligases

The expression of the myogenic transcription factors MyoD and myogenin showed a dynamic
pattern over time, however with contrasting expression patterns in the different muscle pheno-
types. We focussed on two time-points, 7 days (the point after which recovery occurs in crush
injured soleus muscles) and 28 days (when maximal atrophy was observed in the transection
model). 7 days following crush injury, the expression levels of MyoD were increased 54.23 +
1.03 and 4.55 + 0.19 fold in the soleus and the gastrocnemius muscle respéativdely days
following nerve transection, the expression levels of MyoD were increased 14.74 + 0.82 and
2.86 + 0.14 fold in the soleus and the gastrocnemius muscle respetiliy&yAt 28 days after
injury, the MyoD expression in the soleus muscle returned to near control levels in the crush
injury model but was 30.23 + 0.76 fold higher in the transection injury médg. Immu-
nostaining showed that the increased gene expression levels correlated with proteinrehanges
large numbers of MyoD positive nuclei were detected in injured muscles but these were absent
in the control musclesHig 3. In contrast to MyoD, the reverse gene expression pattern was
observed regarding myogenin which was increased 7.51 £ 0.12 and 22.79 + 0.90 fold in the
soleus and the gastrocnemius muscle following crush injury respectively at 7 days, with
decreased expression with tiniey 4. Following nerve transection, there was also a signifi-
cantly larger increase in myogenin expression in the denervated gastrocnemius versus soleus
muscleskig 4. Interestingly, myogenin expression was 12.50 + 0.75 fold higher in the control
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Fig 2. Fast and slow type gastrocnemius muscle fibre morphology. (A) Transverse sections of contra-lateral and operated side muscles were stained
with laminin antibody (green) and either fast type or slow type myosin heavy chain protein antibody (red). Samples shown are from animals undergoing
sciatic nerve transection (cut) or crush injury 7 and 28 days after nerve injury. Scale bar =50 m. (B) Quantification of muscle fibre size. Computerised image
analysis was used to calculate the mean+ SEM area ( m?) of fast type and slow type fibres in muscle obtained from the contra-lateral and operated sides of
animals undergoing sciatic nerve transection (cut) and crush injury 7 and 28 days after insult. Data are expressed as percentage of the contra-laterkside.
*P<0.05,* P<0.01,** P<0.001. Connecting bars also show*** P<0.001 for fast type and slow type fibres 28 days after cut and crush injury respectively.

doi:10.1371/journal.pone.0142699.g002
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