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Abstract

Spinal muscular atrophy with respiratory distress type 1 (SMARDL) is an autosomal recessive
disease that causes distal limb muscle atrophy, due to motor neuron degeneration. Similar to other
motor neuron diseases, SMARD1 shows differential vulnerability to denervation in various muscle
groups, which is recapitulated in the 7md mouse, a model of SMARD1. In multiple
neurodegenerative disease models, transcriptomic analysis has identified differentially expressed
genes between vulnerable motor neuron populations, but the mechanism leading to susceptibility
is largely unknown. To investigate if denervation vulnerability is linked to intrinsic muscle
properties, we analyzed muscle fiber-type composition in muscles from motor units that show
different degrees of denervation in /md mice: gastrocnemius, tibialis anterior (TA), and extensor
digitorum longus (EDL). Our results revealed that denervation vulnerability correlated with
atrophy and loss of MyHC-I1b and MyHC-1Ix muscle fiber types. Interestingly, increased
vulnerability also correlated with an increased abundance of MyHC-I and MyHC-1la muscle
fibers. These results indicated that MyHC-1Ix muscle fibers are the most vulnerable to
denervation, followed by MyHC-I1b muscle fibers. Moreover, our data indicate that type MyHC-
Ila and MyHC-11b muscle fibers show resistance to denervation and compensate for the loss of
MyHC-1Ix and MyHC-11b muscle fibers in the most vulnerable muscles. Taken together these
results provide a basis for the selective vulnerability to denervation of specific muscles in nmd
mice and identifies new targets for potential therapeutic intervention.
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Introduction

Spinal muscular atrophy with respiratory distress type 1 (SMARD1, OMIM 604320) is a
fatal, early-onset, motor neuron disease for which not treatment is available [1,2]. SMARD1
begins during infancy with severe distal limb muscle atrophy that progresses proximally and
eventually ends in death due to diaphragmatic paralysis within 2 years of age [1,3-5].
Muscle atrophy is a result of neuromuscular junction (NMJ) denervation caused by selective
loss of alpha motor neurons [6,7]. Genetically, SMARDLA is caused by the loss-of-function
the immunoglobulin-p-binding protein 2 IGHMBP2) gene located in chromosome 11q13.3
[3,8-10]. IGHMBP2 is a ubiquitously expressed protein whose best described function is in
translation through interactions with factors including tRNA Tyr, Reptin, Potin, TFI11C220,
and ABT1 [11]. IGHMBP2 is known to contain an RNA/DNA helicase domain, an ATP
binding motif, a zinc finger domain, and a nucleic acid binding domain homologous to the
UPF1-like superfamily 1 helicases [8,12-14]. Data form human patients has shown that most
of the intragenic mutations that lead to motor neuron loss reside within these functional
domains (1, 2, 15, 16). Although, IGHMBP2 is ubiquitously expressed, the mechanisms by
which loss of function leads to selective loss of alpha motor neurons is not understood
(18-20).

The neuromuscular degeneration (nma) mouse is a reliable model for the study of this
disease [15-17]. nmd mice harbor a mutation within intron 4 of the /ghmbpZ2 gene, resulting
in a cryptic splice site that leads to aberrant /ghmbp2 mRNA splicing and a ~75-80%
reduction in fully functional Ighmbp2 protein [15,18]. The nmd mice develop hind limb
muscle weakness by postnatal day (PND) 21 and severe atrophy and paralysis of hind
muscles by five weeks of age [15-17]. nmd mice develop a significant, 40%, loss of motor
neurons prior to onset of overt symptoms, which is followed by a plateau and then
progressive motor neuron degeneration until death [7,16]. Early loss of motor neurons as
well as loss of large caliber axons in distal peripheral nerves, which correlate with NMJ
denervation, are features shared by the nmd mouse model and SMARD1 patients
[5,7,16,19,20]. Interestingly, 7md mice develop dilated cardiomyopathy by final stages of
disease leading to death, which is not typically observed in human patients [1,17].

Similar to other motor neuron diseases, SMARDL is characterized by selective and specific
loss of alpha motor neurons [21-26]. Recent systemic analyses of NMJ denervation in
various clinically relevant muscles revealed that 7md mice develop vulnerability to
pathology within specific motor units, suggesting that specific motor neurons are more
prone to pathology than others [27]. Interestingly, vulnerability to denervation did not
correlate with muscle group anatomical location or specific function [27]. This suggests that
there is a different factor that confers vulnerability or protection that is different in each
muscle group. ldentifying the specific factor that leads to increased vulnerability in different
muscles will expand our understanding of SMARD1 disease mechanisms and identify new
targets for possible therapeutic intervention.

Skeletal muscle is made up different subtypes of muscle fibers, which are classified
according to the myosin heavy chain (MyHC) isoform expression and metabolic activity
[Reviewed in 28]. Muscle fibers are classified in four main types: type-1 are slow-twitch
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oxidative fibers (MyHC-I); type-lla are fast-twitch oxidative fibers (MyHC-I1a); type-11b are
fast-twitch glycolytic fibers (MyHC-I1b); and type lIx are fast twitch glycolytic fibers
(MyHC-I1Ix) [Reviewed in 28]. Interestingly, muscle fiber sub-types are differentially
affected by atrophic factors. For example, sepsis and cancer cachexia lead to atrophy of type
Il fibers [29], long-term microgravity exposure causes atrophy of type | muscle fibers [30],
and inactivity causes atrophy and loss of type-lI muscle fibers while increasing type-II
muscle fiber abundance [31]. These data indicate that the fiber-type composition of each
muscle is an important determinant of vulnerability to pathology in different atrophic
conditions. To investigate if SMARDZ1 selectively affects specific fiber-types, and thus fiber
type composition determines the level of vulnerability, we investigated fiber-type
composition and atrophy in three differentially vulnerable muscles.

Materials and Methods

Animal procedures

SMARD1 model mice (nmad) (B6.BKS- Ighmbp2nmd-2J/J) were purchased commercially
(Jackson Laboratories Bar Harbor, ME) and a colony was established. All animal
experiments took place in accordance with procedures approved by NIH guidelines and MU
Animal Care and Use Committee. SMARD1 animals were genotyped at P1 according to the
genotyping procedure in Jax mice resources. Wildtype and nmd littermate mice were
allowed to age to 8 weeks old.

Immunohistochemistry

For detection of specific individual fiber-types, 8-week-old wildtype and nmd mice were
anesthetized with 2.5% isoflurane and sacrificed by cervical dislocation. Gastrocnemius, TA,
and EDL muscles were dissected and flash frozen in liquid nitrogen. Muscles cross-sections
were made using a cryostat and mounted on positively charged microscope slides. Sections
were kept at =80 until stained. Slides were blocked with 10% NGS, 1% Nonidet-P40 for 1
hour at 4 °C, then primary antibody solution was added in blocking solution and incubated
overnight at 4 °C. Slides were then washed 3X with 1X PBS for 5 min and fixed with 4%
PFA for 10 min at 4 °C. Secondary antibodies were added in blocking solution and slides
were incubated for 2 hours at room temperature followed by 3X washes with 1X PBS for 5
minutes and then coverslips were mounted. Antibodies:rabbit anti-laminin, 1:400 (Sigma-
Aldrich), mouse anti-MyHC-I (1:20), -1la (1:10), and -1lb (1:5) (clones BA-D5, SC-71, and
BFF3; Developmental Studies Hybridoma Bank).

Imaging
Whole section tiling z-stack images were taken using a laser scanning confocal microscope
(20x objective; Leica TCS SP8, Leica Microsystems Inc.). Muscle cross section images
were analyzed using the freely available Fiji Software (NIH). Laminin staining was used for
outlining individual myofibers. The total number of myofibers was counted in each muscle
cross-section (1 section per muscle) (n=3 animals per genotype). The total number of
individual fiber-types were counted using sections stained with each corresponding type
antibody. To count MyHC-I1x fibers, a section stained with all three MyHC antibodies was
used and only fibers not stained were counted. Fiber area was measured in the same images
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as the fiber counts. Averages for counts and areas were calculated for each genotype and
analyzed for statistical significance.

Statistics
Statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad Software
Inc.) Muscle fiber counts and fiber area data were analyzed by Student’s t-test. N=3 animals
per genotype. p value < 0.05 was considered statistically significant.

Results

Specific muscle fiber types were successfully detected by immunofluorescence in all
muscles analyzed.

To investigate if denervation vulnerability correlates with muscle fiber-type composition in
nmdmice, three muscles with different degrees of vulnerability to disease development were
isolated from 2-month-old mice. The gastrocnemius muscle, tibialis anterior (TA) and
extensor digitorum longus (EDL) present with a range of denervation from high to low,
respectively, in nmdmice [27]. To detect the various muscle fiber types, isoform-specific
antibodies were used to detect the MyHC expression profiles. Slow muscle fibers (MyHC-I)
and fast muscle fibers (MyHC-Ila, and MyHC-11B) were detected by immunohistochemistry
of muscles sections from 8-week-old wildtype and nmd mice (Fig. 1). Fast muscle fibers
expressing MyHC-11x were identified by the lack of labeling when MyHC-1, MyHC-1la and
MyHC-11b were used in combination (Fig. 1). Immunohistochemistry showed that all four
muscle fiber types were successfully detected in Gastrocnemius, TA, and EDL muscles (Fig.
1A-C, respectively) of nmdand wildtype mice.

Increased vulnerability to denervation correlates with loss of MyHC-lIx and MyHC-lIb
muscle fibers in nmd mice.

To investigate if loss of any muscle fiber type specifically correlated with vulnerability to
denervation in nmd mice, the total number of each fiber type in each muscle was
determined. In the gastrocnemius, most severely denervated muscle, 7mad muscles displayed
a significant 8.9-fold increase in the number of MyHC-1 fibers and a 2.8-fold increase in the
number of MyHC-lla fibers compared to wildtype controls (Fig. 2A). MyHC-IIb and
MyHC-1Ix muscle fibers both showed a significant reduction (~65%) in nmd mice compared
to wildtype (Fig. 2A). As expected, the total number of muscle fibers in the nmd
gastrocnemius muscle was significantly reduced by ~60% compared to wildtype. In the TA
muscle, no significant changes were observed in MyHC-I and MyHC-I1b muscle fibers in
nmd compared to wildtype (Fig. 2B). However, the number of MyHC-lla was significantly
increased by 6.3-fold, while MyHC-1Ix muscle fibers were significantly reduced by ~97% in
nmd mice compared to wildtype controls (Fig. 2B). Interestingly, the total number of muscle
fibers in TA muscle was not different in 7md mice compared to wildtype controls. In the
EDL, the least vulnerable muscle analyzed here, the number of MyHC-1 muscle fibers were
significantly decreased by 75% in nmdmice compared to wildtype (Fig. 2C). No difference
in the number of MyHC-Ila and MyHC-11b muscle fibers was found in the EDL muscle
while the number MyHC-11x was significantly lowered by ~ 92% in nmd compared to
wildtype controls (Fig. 2C). Moreover, the total number of fibers in EDL showed a ~ 10%
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decrease (statistically significant) in 7mdmice compared to wildtype. These data show that
type-l1x and type-I1b muscle fibers are lost more prominently and type-lla and type-I
compensate by increasing in abundance.

Fast muscle fibers expressing MyHC-lIb and MyHC-lIx show severe atrophy in vulnerable
muscles of nmd.

Muscle denervation without re-innervation leads to muscle fiber atrophy and degeneration
[32,33]. To investigate fiber-type specific atrophy in differentially vulnerable muscles we
measured cross sectional area for each muscle fiber-type gastrocnemius, TA and EDL
muscles. Measurements from the gastrocnemius muscle showed a slight, non-statistically
significant, increase in MyHC-I fiber area in nmd mice compared to wildtype (Fig. 3A).
MyHC-lla, MyHC-I1b, and MyHC-IIx fiber cross sectional areas were all significantly
decreased by ~ 25%, ~75%, and ~92%, respectively, in 7md mice compared to wildtype
(Fig. 3A). Measurements form the TA muscle showed no difference in MyHC-1 and MyHC-
I1a fiber area between nmd and wildtype controls. However, both MyHC-I1b and MyHC-I1x
were significantly decreased by ~ 46%, and ~70%, respectively, in 7md compared to
wildtype controls (Fig. 3B). EDL muscle showed a significant decrease of ~42% in MyHC-I
fiber area while no difference in MyHC-Ila area was observed between nmd and wildtype
controls (Fig. 3C). MyHC-IIb and MyHC-1Ix fiber area was significantly decreased by
~20% and ~71%, respectively, in nmdmice compared to controls (Fig. 3C). These data
demonstrate that Type lIx and I1b fibers are the most affected while type-lla are the most
resistant to atrophy in 7md mice.

Discussion

In this study we sought to gain further understanding of the intrinsic factors that play a role
in conferring selective vulnerability in different muscles affected with SMARD1. Analysis
of muscle fiber-type specific changes in three muscles with varying degrees of vulnerability
revealed that fast-twitch glycolytic fibers (type I1x and type Ilb) are the most severely
affected in SMARDL. Moreover, the magnitude of fiber loss and the degree of fiber atrophy
correlated with the degree of vulnerability. This suggests that the relative composition of
type-11b and I1x fibers impacts the degree of vulnerability in each muscle group. Moreover,
our analyses revealed an increase in the number of slow-twitch oxidative (type-I) and fast-
twitch oxidative (type-11a) fibers that correlated with increased vulnerability suggesting that
oxidative fibers are the most resistant to pathology. Taken together these results indicate that
numbers of fast-twitch glycolytic fibers determines the degree of vulnerability, while
increased levels of oxidative fibers determines the relative resistance to degeneration in
different muscles in nmd mice. These results shed new light into our understanding of the
mechanisms that cause to selective vulnerability to pathology in different muscles in
SMARD1 [27].

Motor neurons are classified as slow, fast-resistant, and fast-fatigable depending on
Depending on their electrical firing rate, activation threshold and refractory time [34,35].
This classification mirrors the function of the target muscle fiber as motor neurons determine
the fiber type of the myofibers they innervate [36]. Motor neuron loss is the primary cause of

Biochem Biophys Res Commun. Author manuscript; available in PMC 2020 August 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Villalén et al. Page 6

muscle atrophy in SMARD1 [6,7,37], However, it is not clear which type of motor neurons
are the most susceptible to degeneration. Our data here shows that fast glycolytic muscle
fibers are the most severely affected in SMARDZ1, which suggests that fast-fatigable motor
neurons are also the most susceptible to degeneration. Moreover, given that oxidative fibers
appear to be resistant to degeneration suggests that slow, and slow-resistant motor neurons
are also the most resistant to degeneration in SMARD1. These results expand our
understanding of pathology development and identify new and specific cell-types that are
selectively and most prominently affected in SMARD1. Moving forward, this new
information will allow the comparison of genetic differences between fast-fatigable and slow
motor units for identification of genetic factors responsible for providing resistance to
degeneration. Finally, this work provides sensitive targets for the development and
exploration of new therapeutics for the treatment of SMARD1.
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Denervation vulnerability in the nmd mouse correlates with fiber type loss.
Muscle properties may dictate intrinsic susceptibility to motor unit degeneration.

Spatial and temporal development does not necessarily dictate motor unit vulnerability.
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Figure 1. Detection of muscle fiber subtype in gastrocnemius, TA, and EDL muscles.
8-week-old gastrocnemius, TA, and EDL muscle sections were immunostained to label the

muscle fiber outline (laminin), type | (MyHC-I), type lla (MyHC-l1la), type I1b (MyHC-I1b)
fibers. Type IIx fibers were identified by the lack of staining when MyHC -1, -1la, -11b were
combined on the same section. A-C) Representative images of the gastrocnemius (A) (scale
bar =200 um), TA (B) (scale bar = 100 um), and EDL (C) (scale bar = 100 um) cross
sections stained to identify individual muscle fibers and their outline in wildtype and nmd
muscles. Maximum projection confocal images taken at 20x. n = 3 animals per genotype.
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Figure 2. Type-l1x and type I1b fibers numbers are the most severely decreased in muscles with
higher vulnerability in nmd mice.

Quantification of muscle fiber numbers for each individual fiber type and for total number of
fibers in muscles of 8-week-old nmd and wildtype controls. A) Gastrocnemius muscle fiber
counts showed a significant increase in type | (MyHC-I) (p = 0.0002) and type lla (MyHC-
Ila) (p = 0.0091), while type llb (MyHC-I1b) (p = 0.0179) and type I1x (MyHC-1Ix) (Not
significant, p = 0.2337) were severely decreased in nmdmice compared to wildtype. As
expected the total number of fibers was significantly decreased in nmd mice compared to
wildtype. B) TA muscle had a significant increase (p < 0.0001) in type | fiber number and a
significant decrease (p = 0.0021) in type IIb fiber number in nmdmice compared to
wildtype. C) EDL muscle had a significant decrease in type | (p = 0.0314), type lIx (p =
0.0326), and total (p = 0.0180) fiber numbers in nmd compared to wildtype. Data were
analyzed by a Student’s t-test. Data expressed as mean = SEM. n = 3 animals per genotype.
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Figure 3. Type IIx and type I1b fibers are more severely atrophied in muscles with increased
vulnerability in nmd mice.

Quantification of muscle fiber area for each fiber type in muscles of 8-week-old nmd and
wildtype mice. A) Gastrocnemius muscle showed a significant reduction in fiber area of type
Ila (p < 0.00010, type llb (p < 0.0001), and type I1x (p < 0.0001) in nmd compared to
wildtype mice. B) TA muscle showed a significant decrease in type Ilb (p < 0.0001) and type
I1x (p < 0.0001) fiber area in nmd compared to wildtype mice. C) Similarly, the EDL muscle
showed a significant decrease in type I1b (p < 0.0001) and type lIx (p < 0.0001) muscle fiber
area in nmd compared to wildtype mice. Data were analyzed by a Student’s t-test. Data
expressed as mean £ SEM. n = 3 animals per genotype.
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