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Zusammenfassung 

Morbus Pompe (Glykogenose Typ II) ist eine seltene, autosomal rezessiv ver-

erbte lysosomale Glykogenspeicherkrankheit, die vor allem die Skelettmuskula-

tur, das Herz und das Nervensystem betrifft. Die Ursache der Morbus Pompe 

sind Mutationen im Gaa Gen, das für das Enzym Saure Maltase kodiert, welches 

für den Abbau von Glykogen in den Lysosomen verantwortlich ist. Das Fehlen 

des Enzyms führt zu einer Vergrößerung und Zerstörung der Lysosomen in allen 

Geweben, am stärksten jedoch in den Skelettmuskeln, was zu einer Myopathie 

führt. Ein weiterer Mechanismus zur Erklärung der Pompe-Krankheit ist eine Stö-

rung der Autophagie.  

          Patienten mit Morbus Pompe haben neben einer fortschreitenden und ge-

neralisierten Muskelschwäche eine geringere Gang- und Standstabilität, was zu 

einem erhöhten Risiko für Stürze und zu Krankenhausaufenthalten führt. Frühere 

Studien haben gezeigt, dass diese Instabilität nur teilweise durch die Myopathie 

erklärt werden kann. Eine alternative Ursache könnte sein, dass Patienten mit 

Morbus Pompe eine gestörte Propriozeption haben. Um dieser Hypothese nach-

zugehen, habe ich die Morphologie der Muskelspindeln (die Hauptpropriozepto-

ren) von 2.5 und 8.5 Monate alten Mäusen mit einer genetischen Defizienz von 

Saurer Maltase (Gaa-/- Mäuse) qualitativ und quantitativ untersucht, und zwar im 

vorwiegend „slow-twitch“ Soleus Muskel und im vorwiegend „fast-twitch“ Exten-

sor Digitorum Longus Muskel. In den 2.5 Monate alten Gaa-/- Mäusen zeigte die 

Morphologie der Muskelspindel keine signifikanten Veränderungen, es waren nur 

einige autophagische Vakuolen vorhanden. Die quantitative Analyse zeigte je-

doch, dass die umlaufenden Elemente der sensorischen Nervenendigungen brei-

ter und kürzer waren, was durch Einlagerung von Glykogen oder autophagischen 

Aufbau verursacht werden könnte. In 8.5 Monate alten Gaa-/- Mäusen wiesen die 

Muskelspindeln eine schwere Degeneration auf, einschließlich des vollständigen 

Fehlens der sensorischen Nervenenden, einer Auflösung der intrafusalen Fasern 

und einem erheblichen autophagischen Rückstau. Außerdem ergab die Quanti-

fizierung der Anzahl der Muskelspindeln im M. soleus der 8.5 Monate alten Gaa-
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/- Mäuse eine verringerte Anzahl, was auf die starke Degeneration der Muskel-

spindeln zurückzuführen sein könnte. Diese degenerativen Veränderungen tra-

ten sowohl im vorwiegend „slow-twitch“ Soleus Muskel als auch im vorwiegend 

„fast-twitch“ Extensor Digitorum Longus Muskel auf. Die Degeneration der Mus-

kelspindeln scheint also nicht von der Zusammensetzung der Muskelfaserntypen 

abhängig zu sein. Diese Befunde deuten darauf hin, dass die Degeneration der 

Muskelspindeln und die daraus resultierenden propriozeptiven Defizite die Ursa-

che für die Gang- und Standinstabilität sowie für die häufigen Stürze bei Patien-

ten mit Morbus Pompe sein könnten. 
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Abstract  

Pompe disease (glycogen storage disease type II) is a rare autosomal recessive 

lysosomal and glycogen storage disorder, which predominantly affects the skel-

etal muscle, heart, and nervous system. The cause of Pompe disease are muta-

tions in the Gaa gene encoding for the enzyme acid alpha-glucosidase (GAA), 

responsible for breaking down glycogen within lysosomes. Lack of the enzyme 

leads to enlargement and destruction of lysosomes in all tissues but most se-

verely in skeletal muscle causing a myopathy. This explanation was considered 

incomplete, and another emerging mechanism for explaining Pompe disease is 

a disruption of the autophagic pathway. Patients with Pompe disease in addition 

to a progressive and generalized muscle weakness have gait and posture insta-

bility, resulting in an increased risk for falling and hospitalization. Previous studies 

have shown that this instability could only be partly explained by the myopathy. 

However, an additional reason could be that patients with Pompe disease have 

an altered proprioception. To address this hypothesis, I investigated the morphol-

ogy of muscle spindles (the main proprioceptors) of 2.5- and 8.5-month-old Gaa-

/- mice qualitatively and quantitatively, in the predominantly slow twitch soleus 

muscle and predominantly fast twitch extensor digitorum longus muscle. In 2.5-

month-old Gaa-/- mice the muscle spindle morphology was not significantly al-

tered compared to wildtype mice, showing only some small autophagic vacuoles. 

However quantitative analysis demonstrated that the circumferential elements of 

the sensory nerve terminals had a greater width and were shorter in length, which 

might be caused by glycogen storage or autophagic build-up. In the 8.5-month-

old Gaa-/- mice the muscle spindles showed severe signs of degeneration, includ-

ing a lack of sensory nerve terminals, disruption of intrafusal fibers, and consid-

erable autophagic buildup. In addition, quantification of the number of muscle 

spindles in the soleus muscle of the 8.5-month-old Gaa-/- mice, showed a reduced 

number, which could be caused by the final degeneration of muscle spindles. 

These degenerative changes occurred in both the predominantly fast-twitch ex-

tensor digitorum longus muscle and the predominantly slow-twitch soleus mus-
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cle. Therefore, the degeneration of the muscle spindles did not appear to be de-

pendent on the muscle fiber type composition. These findings suggest that the 

degeneration of the muscle spindles and the resulting proprioceptive deficits may 

contribute to the gait and posture instability, as well as the frequent falls in pa-

tients with Pompe disease. 
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1. Introduction 

Proprioception is the sense that provides the brain with information from our own 

musculoskeletal system (Sherrington, 1907; Kröger, 2018). The brain requires 

proprioceptive information, i.e., information about the length, length changes, 

contractile state of each muscle, muscle force, for the control of any coordinated 

movement, including posture and locomotion. Additionally, proprioception plays 

a crucial role in the effective realignment of fractured bones and in maintaining 

proper spinal alignment (Blecher et al., 2017, 2017). Central processing of this 

information allows us to precisely determine the position and movement of our 

extremities in space and to adjust the muscle tone to maintain a stable gait and 

posture (Dietz, 2002; Kiehn, 2016). The primary proprioceptive sensors are the 

muscle spindles. In addition to the muscle spindles, the Golgi tendon organs and 

joint receptors also function as proprioceptors for the musculoskeletal system 

(Matthews, 2015). 

1.1 Muscle spindle structure  

Muscle spindles are encapsulated sensory receptors and inform the brain about 

muscle length and the speed of muscle stretching (Proske & Gandevia, 2012). A 

muscle spindle of an adult mouse, measures 200-400 µm in length and consists 

of 3-5 encapsulated and innervated intrafusal muscle fibers that run in parallel 

with the extrafusal fibers (Lionikas et al., 2013; Kröger, 2018; Kröger & Watkins, 

2021). In contrast to extrafusal fibers, intrafusal fibers are smaller in diameter and 

do not generate significant force. Based on their functional properties, the ar-

rangement of the cell nuclei and their morphology, it is possible to distinguish 

between two different types of intrafusal fibers: nuclear bag and nuclear chain 

fibers. In nuclear bag fibers, the nuclei are clustered together, whereas in nuclear 

chain fibers the nuclei form a chain structure. The nuclear chain fibers are com-

pletely enclosed within the capsule and have a diameter of 10-12µm. On the other 

hand, nuclear bag fibers are larger in size, extend outside the capsule and have 

a diameter of 20-25µm. The nuclear bag fibers can be further classified into two 
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types known as bag1 and bag2 fibers, which are distinguished based on the spec-

ificity of their myosin ATPase (Banks et al., 1977). The nuclear bag1 fibers with 

their sensory afferents are most sensitive to the velocity of changes in the length 

of a muscle fiber, compared to the nuclear chain fibers and nuclear bag2 fibers 

with their sensory afferents, which are most sensitive to the amount of stretch 

(Boyd et al., 1977). The contractile filaments in the intrafusal fibers are restricted 

to the polar ends of the intrafusal fiber. 

1.2 Muscle spindle innervation 

Muscle spindles have both afferent (sensory) and efferent (motor) innervation. 

The central part of the intrafusal muscle fiber is innervated by two kinds of afferent 

proprioceptive sensory neurons referred to as primary or “group Ia afferents” and 

secondary or “group II afferents”, which are categorized based on their axonal 

conduction velocity (Banks, 2015; Kröger & Watkins, 2021). Type Ia afferents are 

myelinated, have a conduction velocity of 50–80 m/s and form the so-called an-

nulospiral sensory endings in the center of the intrafusal fiber (Banks, 1986). Usu-

ally, there is only a single group Ia afferent neuron per muscle spindle, which 

innervates all of the bag1, bag2 and chain fibers within that spindle (Banks et al., 

1982). Group II afferents are also myelinated, have a slower conduction velocity 

of 30–70 m/s and flank the primary Group I endings (Schröder et al., 1989). There 

are usually several of these endings and they innervate only the bag2 and chain 

fibers forming the so-called “flower spray” endings in the cat muscle spindle 

(Ruffini, 1898; Barker, 1948; Banks et al., 1982). Muscle spindles serve as stretch 

detectors, being able to detect the extent and rate at which a muscle is being 

stretched. Accordingly, action potentials are generated by afferent neurons at fre-

quencies that are proportional to the changes in length and stretching velocity. 

(Matthews, 1974; De-Doncker et al., 2003). Sensory neurons that innervate bag1 

fibers are most affected by the velocity of changes in muscle fiber length (dynamic 

sensitivity) and sensory neurons that innervate bag2 fibers or nuclear chain fibers 

are most affected by the amount of stretch (static sensitivity). The cell bodies of 

these pseudo-unipolar sensory neurons are localized in the dorsal root ganglia 
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(DRG) and represent just a small percentage (6–10%) of the total number of neu-

rons in the DRG (Oliver et al., 2020).  

 The labeling of proprioceptive neurons can be achieved through the use of 

antibodies selectively targeting the vesicular glutamate transporter 1 (Honda, 

1995; Wu et al., 2004). The annulospiral endings serve as the primary structures 

for sensing stretch, and within the spinal cord, the axons of these proprioceptive 

neurons establish excitatory monosynaptic connections with the corresponding 

α-motoneurons. These α-motoneurons then send action potentials to the homon-

ymous target muscle (Mears & Frank, 1997; Wang et al., 2012). In addition, in-

trafusal muscle fibers also receive innervation from efferent γ- motoneurons, the 

so-called fusimotor innervation (Banks, 1994). Alpha-motoneurons are much 

more abundant and better characterized compared to g-motoneurons (Manuel & 

Zytnicki, 2011). The γ- motoneurons make up about 30% of all the motoneurons 

in the ventral horn of the spinal cord. It is possible to differentiate them from α - 

motoneurons based on their smaller size and by several antibodies (Manuel & 

Zytnicki, 2011; Zhang, 2014). The axons from g-motoneurons enter the spindle 

alongside the sensory axons in the equatorial region of the spindle. However, 

they exclusively connect with intrafusal muscle fibers at the polar ends, where 

they establish a cholinergic synapse. This synapse is structurally distinct but 

shares functional and developmental similarities with the myoneural junction 

formed by α-motoneurons on extrafusal muscle fibers. Gamma-motoneurons 

modulate the muscle spindles sensitivity by inducing contractions in the polar re-

gions of the spindle, which leads to tension on the equatorial region of the muscle 

spindle (Banks, 1994; Proske, 1997). This mechanism allows for the ongoing reg-

ulation of the mechanical sensitivity of muscle spindles across the diverse range 

of lengths and speeds encountered during typical motor activities. 
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Figure 1.  Schematic Representation of Muscle Spindle Structure and Innervation. (Source: Prin-
ciples of Neural Science, Fifth Edition, Kandel et al., 2012). The muscle spindles consist of intra-

fusal fibers surrounded by a connective tissue capsule. The intrafusal fibers are further divided in 

nuclear bag fibers (bag1 and bag2) and nuclear chain fibers. Muscle spindles have both sensory 

and motor innervation. Sensory innervation is provided by group Ia and group II afferents, which 

terminate in the central region of the muscle spindle. The polar region of the spindles receives 

motor innervation from gamma motor neurons.     
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1.3 Pompe disease 

Pompe disease (glycogen storage disease type II) is a rare autosomal recessive 

lysosomal and glycogen storage disorder, which predominantly affects the skel-

etal muscle, heart, and nervous system (Dasouki et al., 2014; Lim et al., 2014). 

The disease was first described by Dutch pathologist, Johannes Cassianus 

Pompe in 1932 (Pompe, 1932). In the same year two German physicians, Bis-

choff and Putschar, also independently described the disease (Bischoff, 1932; 

Putschar, 1932). The enzyme which causes the disease was discovered much 

later in 1963 by Belgian biochemist Henri Hers (Hers, 1963). The incidence of the 

disease is assumed to be around 1 in 40,000 (Ausems et al., 1999). The cause 

of Pompe disease are mutations in the GAA gene (glucosidase alpha, acid), 

which encodes the acid α-1,4-glucosidase enzyme (Martiniuk et al., 1991). The 

GAA enzyme is responsible for breaking down the alpha-1,4- and alpha-1,6-glu-

cosidic linkages of glycogen within lysosomes. So far, more than 600 different 

mutations have been described (Peruzzo et al., 2019). Mutations that are causa-

tive for the disease cause either an absence or a reduced activity of GAA. Since 

GAA degrades glycogen to glucose, patients with lack of GAA will have glycogen 

deposited in lysosomes, which cannot be broken down. This then causes the 

enlargement and destruction of lysosomes and subsequently of the entire cell. 

Eventually, this leads to malfunctioning of entire organs. It can be assumed that 

less than about 25% of enzymatic residual activity leads to the symptoms (Niño 

et al., 2021). 

1.3.1 The pathophysiology of muscle damage in Pompe disease 

The main mechanism to explain the muscle damage and loss of muscle force in 

Pompe disease has been the accumulation of glycogen within lysosomes be-

cause of the lack of GAA, followed by an enlargement and rupture of the lyso-

somes, which then causes damage to the contractile apparatus of the muscle. 

This viewpoint was deemed not complete, especially after it was discovered that 

enzyme replacement therapy was rather ineffective in treating skeletal muscle 

damage (Lim et al., 2014). Several pathogenic mechanisms have recently been 
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suggested to contribute to the pathophysiology of Pompe disease. This includes 

mechanisms such as: lipofuscinosis, disrupted autophagy, disrupted calcium ho-

meostasis, oxidative stress, and mitochondrial abnormalities (Lim et al., 2014; 

Kohler et al., 2018; Schoser, 2019). The disruption of the autophagic process, 

specifically macroautophagy, seems to play a key role specifically in Pompe dis-

ease and generally in lysosomal storage diseases (Lieberman et al., 2012; Raben 

et al., 2012). 

1.3.2 Clinical progression and phenotype of Pompe disease   

Patients who suffer from Pompe disease have a very variable and heterogeneous 

course of the disease, which depends on the type of mutation, age of onset and 

the speed of disease progression. This phenotypic variability has caused difficul-

ties in the classification of the clinical forms, which include classical infantile, late 

infantile, childhood, juvenile and adult-onset form. However, depending on the 

age of onset, organ involvement (i.e., cardiomyopathy) and rate of progression, 

the disease can been broadly classified in infantile-onset Pompe disease (IOPD) 

and late-onset Pompe disease (LOPD) (Kishnani, Steiner, et al., 2006; Dasouki 

et al., 2014). Patients with IOPD have an age of onset less or equal to 12 months 

of age and usually die within the first few years of life. They present with muscle 

weakness and hypotonia, hypertrophic cardiomyopathy, and respiratory distress 

(Kishnani, Hwu, et al., 2006).  

 Patients with LOPD have an age of onset after 12 months of age, have pro-

gressive limb-girdle and axial muscle weakness, and usually have no involve-

ment of cardiac muscle (Toscano et al., 2019). In many cases, death is caused 

by heart failure, respiratory failure, or respiratory infections, such as pneumonia. 

Rupture of a cerebral aneurysm is also frequently described as the cause of death 

(Musumeci et al., 2019). The cause are presumably glycogen deposits in arterial 

vessels.  

 Although lysosomal glycogen deposition occurs in all tissues, skeletal muscle 

is particularly affected. This is the main reason why patients suffer from a pro-

gressive impairment of motor function, making daily routine activities such as 
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walking and standing difficult (McIntosh et al., 2015; Valle et al., 2016). The dam-

age to the muscle fibers by the glycogen deposits usually appears shortly after 

birth. Infants are conspicuous for their flaccid muscle tone, inability to lift their 

head independently or lack of crawling activity. When the first symptoms appear 

later, the muscles of the shoulder and pelvic girdle are particularly affected, which 

affects climbing stairs and lifting the arms above shoulder height. These symp-

toms worsen as the disease progresses due to the increasing accumulation of 

glycogen in the muscles. Impairment of the diaphragm leads to breathing prob-

lems, which often requires artificial ventilation. Since not only the muscles but 

also the nerves that supply the muscles are damaged, in late stages there is a 

reduction or even complete absence of muscle reflexes (areflexia; (Lamartine S 

Monteiro & Remiche, 2019; Tsai et al., 2019). In addition to the general muscle 

weakness, patients with Pompe disease show postural symptoms, such as poor 

stance stability and a swaying gait (Valle et al., 2016). These symptoms lead to 

balance problems and an increased tendency to fall, resulting in hospitalization 

and prolonged immobilization, which in turn can exacerbate the symptoms (Grim-

stone & Hodges, 2003; Horlings et al., 2009). When Pompe disease is suspected, 

there are different diagnostic tools which can be used including laboratory studies 

with elevated creatine kinase (CK), elevated liver enzyme levels such as aspar-

tate aminotransferase (AST) and alanine aminotransferase (ALT), elevated uri-

nary glucose tetrasaccharide (Glc4) levels (Young et al., 2012). GAA enzymatic 

activity can also be measured in IOPD, where the enzyme activity is absent or 

almost absent (< 1%), whereas low levels of residual activity, up to approximately 

25 % of normal, are usually measurable in all other clinical forms. Other diagnos-

tic tests which can be done include muscle biopsy, chest X-rays, electrocardio-

gram (ECG), echocardiography, spirometry, magnetic resonance imaging (MRI), 

GAA mutation analysis (Kishnani et al., 2013; Dasouki et al., 2014). The primary 

treatment for GAA deficiency is enzyme replacement therapy (ERT) with Lu-

mizyme ® (alglucosidase alfa). Standard dosing is 20 mg/kg given intravenously 

every two weeks. (Toscano & Schoser, 2013).  
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1.4 The mouse model used to study Pompe disease 

1.4.1 The GAA-/- mouse / B6;129-Gaatm1Rabn/J 

For all of my experiments, I used the B6;129-Gaatm1Rabn/J mice (JAX stock 

#004154; Gaa-/- mice) commercially obtained from Jackson Laboratories. These 

mice are the most widely used preclinical model for Pompe disease and have 

previously been used in other studies (Bijvoet et al., 1998; Raben et al., 2000; Yi 

et al., 2017; Colella et al., 2019; Lee et al., 2020). The Gaa-/- mouse line was 

generated by targeting exon 6 of the mouse GAA gene with a stop codon and the 

insertion of a neomycin cassette. Initially, mice that are homozygotes are viable, 

fertile, have a normal size and weight, and do not display any gross physical or 

behavioral abnormalities. By three weeks of age, they begin to accumulate gly-

cogen in cardiac and skeletal muscle lysosomes, with a progressive increase 

thereafter (Raben et al., 1998; Almodóvar-Payá et al., 2020). By 3.5 weeks of 

age, these mice have markedly reduced mobility and strength. They grow nor-

mally, reach adulthood, remain fertile, and, as in the human adult disease, older 

mice accumulate glycogen in the diaphragm leading to respiratory problems. By 

8–9 months of age, animals develop obvious muscle wasting and a weak, wad-

dling gait. As a result, this model reproduces key features of both the infantile and 

adult forms of the disease. (Bijvoet et al., 1998; Raben et al., 1998).   
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2. Aim of the study 

Some of the symptoms which Pompe patients suffer from include gait and stand-

ing instability, which leads to an increased risk of falling (McIntosh et al., 2015; 

Valle et al., 2016; Lamartine S Monteiro & Remiche, 2019). The study by  Schnei-

der et al. reported that this instability could be only partially explained by the re-

duced muscles strength as a results of the underlying myopathy (Schneider et 

al., 2020). It is therefore possible that patients with Pompe disease have an al-

tered proprioception.   

To test this hypothesis, I investigated the morphology of muscle spindles of  

Gaa-/- mice quantitatively and qualitatively, since muscle spindles are the main 

proprioceptors. More specifically, I investigated muscle spindle morphology in 

2.5-month-old and 8.5-month-old wildtype and Gaa-/- mice and compared them 

to C57BL/6 wildtype mice. To determine if the muscle fiber type composition plays 

a role in the degeneration of the muscle spindle structure, I examined the slow 

twitch soleus muscles and the fast twitch EDL muscle.   

The following parameters were quantified:  

1) the width and length of circumferential elements of the sensory afferents of the 

muscle spindles in the Soleus and EDL muscle in 2.5-month-old and 8.5-month-

old wildtype and Gaa-/- mice.   

2) the number of intrafusal sarcomeres per µm in the soleus and EDL muscle in 

2.5-month-old and 8.5-month-old wildtype and Gaa-/- mice   

3) the number of muscles spindles in the soleus muscle in wildtype and Gaa-/- 

mice. 
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3. Materials and Methods 

3.1 Materials  

3.1.1 Chemicals 

Table 1. List of Chemicals used  

 

 

 

Chemical Company Catalog number 
4',6-Diamidino-
2- phenylindole 
dihydrochloride 
(DAPI) 

Carl Roth GmbH & Co. KG, Karls-
ruhe, Germany 

6335.1 

  Albumin Fraction V Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

8076.2 

  Aqua-Poly/Mount Polysciences, Inc. Europe GmbH 18606 
  D-Glucose Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany 
G5146 

 Goat Serum Thermo Fisher Scientific Inc. 50197Z 

KCl Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

6781.3 

KH2PO4 Carl Roth GmbH & Co. KG, Karls-
ruhe, Germany 

3904.1 

NaCl Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

9265.1 

NaHCO3 Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

6885.1 

Paraformaldehyde Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

0335.1 

Tissue Tec® Sakura Finetek Europe, AJ Alphen an 
denRijn, Netherland 

TTEK 

Tween20 Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

9127.1 

Xylazine Bayer AG, Leverkusen, Germany  
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3.1.2 Antibodies 

3.1.2.1 Primary Antibodies 

Table 2. List of primary antibodies 

 

3.1.2.2  Secondary Antibodies 

Table 3. List of secondary antibodies  

 

 

 

 

 

 

 Antibody  Host  Dilution  Company Catalog 
number 

 Anti-light chain 3-
like protein 
(LC3A/B) 

Rabbit 1:500 Thermo Fisher PA1-16931 

 Anti-myosin 
heavy chain 6 
(S46) 

Mouse  1:200  Developmental 
Studies Hybrid-
oma Bank 

 

 Anti-NaV1.4 Rabbit  1:500 Alomone Labs ASC-020 
 Anti-vesicular glu-
tamate transporter 
1 (vGluT1) 

Guinea 
pig 

 1:500 Millipore AB5905 
 

 Antibody  Host  Dilution  Company Catalog 
number 

Anti-Guinea pig Alexa 
Flour 488 

Goat 1:1000 Thermo Fisher A-11073 

Anti-Mouse Alexa 
Flour 647 

Goat 1:1000 Thermo Fisher A-21235 

Anti-Rabbit Alexa 
Flour 594 

Goat 1:1000 Thermo Fisher A-11012 
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3.1.3 Computer programs 

Table 4. List of computed programs 

 

3.1.4 Mice 

Table 5. List of mice used 

 

3.1.4.1 The C57BL/6J mouse / Control group 

B6;129-Gaatm1Rabn/J mice were used as experimental animals. As the control 

group, I used the C57BL/6J mice (JAX stock #000664). Both strains were bred at 

the animal facility of the Biomedical Center. Three 2.5-month-old BL6 mice and 

three 8.5-month-old BL6 mice were used. All mice were female. The recom-

mended control group for Gaa-/- mice is the B6129SF1/J mice. Unfortunately, 

these mice were not available during my study, and we therefore used C57BL/6J 

mice as controls. This appears acceptable since previous studies have shown 

Software Company 

Adobe Photoshop Adobe Inc. 

ImageJ public domain Java image processing program from NIH, 

USA 

Inkscape Inkscape Project - free and open-source vector graphics 

editor (https://inkscape.org/) 

Microsoft Excel Microsoft Corporation 

Zeiss Software  Zeiss 

Line  Producer/Manufacturer  Quantity  
B6;129-
Gaatm1Rabn/J 

 The Jackson Laboratory (JAX 
stock #004154) 

Three 2.5-month-old Gaa-/- mice 
Three 8.5-month-old Gaa-/- mice 
All mice were female 

C57BL6/J  The Jackson Laboratory (JAX 
stock #000664) 

Three 2.5-month-old BL6 mice 
Three 8.5-month-old BL6 mice  
All mice were female 
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that there is little if any morphological difference in the structure of muscle spin-

dles in different mouse lines (Lionikas et al., 2013), allowing the comparison be-

tween these two mouse strains. However, there are differences between the mice 

lines regarding their behavior and weight. 

 

3.1.5 Buffers and solutions 

Table 6. 10x Phosphate-Buffered Saline (PBS) Recipe 

 

 

Table 7. 1x Phosphate-Buffered Saline (PBS) Recipe 

 

 

 

Table 8. Phosphate-Buffered Saline with Tween (PBS-T) Recipe 

 

 

Na2HPO4   17.8 g 

KH2PO4  2.4 g 
NaCl  80 g  

KCl  2 g 

Milli-Q® Water  1 L 

 10x  Phosphate-Buffered Saline  100 ml 

Milli-Q® Water  900 ml 

10x  Phosphate-Buffered Saline  100 ml 

Milli-Q® Water  900 ml 
Tween® 20  100 µl 
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Table 9. Blocking Solution Recipe for 50ml 

 

All chemicals (unless stated otherwise) were commercially purchased from Sigma/Aldrich 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Phosphate-Buffered Saline with Tween   44.75 ml 

 ROTI®ImmunoBlock  5ml µl 

 Goat serum   250 µl 

 Bovine serum albumin  0.5 g 
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3.2 Methods 

3.2.1 Fixation and perfusion of animals 

In order to obtain muscle tissue for immunohistochemistry, fixation of the mice 

was performed using transcardial perfusion by Jürgen Schultheiß. Mice were 

deeply anaesthetized using ketamine and xylazine. Using a forceps, pedal re-

flexes were evaluated to determine the level of anesthesia. When no reflex re-

sponse and no pain response could be detected, the mice were perfused with 

fixative while stretched on a styrofoam plate. After opening the thorax and expos-

ing the heart, a needle was placed in the left ventricle. Then the right atrium was 

opened, and PBS was pumped through the vascular system at a rate of 3 ml/min 

for 2 minutes. When the color of the liver became brighter, that served as an 

indication of successful cleaning of the vasculature. The perfusion solution was 

then switched to 4% paraformaldehyde fixative solution (PFA), which was per-

fused into the mice for 20 minutes at the same rate.  

To obtain muscle tissue, the posterior extremities were skinned. The soleus and 

EDL muscles were carefully dissected from the fixed hind legs and then incubated 

in a 30% sucrose in PBS solution overnight to osmotically remove water. After-

wards, the muscles were embedded in Tissue Tec® and frozen at -20 °C. The 

tissue was then cryo-sectioned using the cryostat (Epredia™ CryoStar cryostat 

NX70, Thermo Fisher Scientific Inc., Massachusetts, USA) at temperatures be-

tween -18°C and -20°C at 25 μm thickness. Muscle sections were collected on 

Epredia™ SuperFrost Plus™ slides (Thermo Fisher Scientific Inc., Massachu-

setts, USA) and stored at -20°C.  

3.2.2 Immunohistochemistry 

Frozen sections were thawed at room temperature for 30 minutes, encircled with 

special marking pen that provides a hydrophobic barrier (Pap-Pen, Vector Labor-

atories, Burlingame, USA) and washed 10 min in phosphate buffered saline 

(PBS) (for recipe see Table.7) to remove the Tissue Tec®. Afterwards the sec-

tions were washed 3 times for 10 min each in phosphate buffered saline with 
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Tween (PBS-T) to reduce the cell membrane integrity and expose the antigenic 

sites. In order to reduce unspecific binding of antibodies and to eliminate residual 

PFA, the sections were incubated in blocking solution for 1 hour at room temper-

ature. Afterwards, the sections were incubated overnight with the primary anti-

bodies diluted in blocking solution. On the next day, sections were washed 3 

times in PBS-T for 10 minutes each and afterwards incubated for 1 hour with the 

corresponding secondary antibody, diluted in blocking solution. Sections were 

then washed 10 min in PBS and the nuclei were stained using 4', 6' diamidino-2-

phenylindoles (DAPI) at a concentration of 2 µg/ml in blocking solution for 10 min. 

This was followed by two washing steps in PBS for 10 minutes each. The slides 

were then embedded in Aqua-Poly/Mount mounting medium and covered with a 

cover slip. To demonstrate the specificity of the staining, negative controls were 

run in parallel. In the negative control, the primary antibody was omitted, and the 

incubation of the sections was done only with the secondary antibody. It should 

be noted that there was some variation in how the muscle spindles appeared 

after taking confocal images due to the different steps of IHC and the staining 

variability (i.e., perfusion, fixation, cryosectioning, incubation). A standardized 

protocol for perfusion and immunohistochemistry was used to reduce the varia-

bility. 

3.2.2.1 Epifluorescence microscopy 

To determine the number and location of muscle spindles in the muscle sections, 

the Zeiss Microscope Axio Imager M2 epifluorescence microscope was used. 

The soleus muscle from three animals for each genotype were completely sec-

tioned and stained with antibodies against vGluT1 as described above. The num-

ber of muscle spindles for each individual soleus muscle was manually counted 

as described by Gerwin et al., 2020. Muscle spindles were identified by morpho-

logical criteria, such as a positive staining of the annulospiral endings with vGluT1 

and positive staining with DAPI showing the characteristic distribution of the nu-

clei within the intrafusal bag and chain fibers. The subsequent more detailed in-

vestigation of the muscle spindle was performed using the confocal microscope. 
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3.2.2.2 Confocal microscopy 

Muscle spindles were further analyzed using a Zeiss LSM 710 laser scanning 

confocal microscope. The Zeiss LSM 710 was equipped with four lasers: Diode 

405-30 (405 nm, 30.0 mW), HeNe laser (633 nm, 5.0 mW), DPSS laser (561 nm, 

15.0 mW) and Argon laser (488 nm, 25.0 mW). For muscle spindle images, a 40x 

water immersion objective (LD C-Apochromat 40x/1.1) was used. In addition, the 

Z-stack function was used with a stack thickness of 10-15µm and interval thick-

ness of 1µm. A scanning speed of 5 (pixel time) with a 1024x1024 resolution was 

used. The images were saved in the CZI file format.  

3.2.3 Data analysis 

The Java image processing program software package Fiji – ImageJ was used 

to digitally process and analyze entire images, including adjusting brightness and 

contrast. (Eliceiri et al., 2012; Schindelin et al., 2012). Each of the confocal z-

stack images was reduced to one plane using the maximum intensity projection 

function. This allowed the detailed examination of the circumferential elements of 

the sensory nerve terminals in the equatorial region and the sarcomeres in the 

polar regions of the muscle spindle. For each confocal image of a muscle spindle, 

the intrafusal fibers were identified as a bag or chain fiber and their number was 

counted. After the identification, the length and width of the circumferential ele-

ments of each intrafusal bag and chain fiber was determined. The number of sar-

comeres per µm for every intrafusal fiber was also determined. To this end, a line 

was drawn in the contractile part of the intrafusal fiber and all the sarcomeres 

within the line were counted. The number of sarcomeres was then divided by the 

length of the line. Figure 2 shows an example on how the measurements were 

done. All statistical analyses were performed by using Microsoft Excel. The level 

of significance (P-value) for all statistical tests was set at *P < 0.05, **P < 0.01, 

***P < 0.001 using the Student’s t-test. 
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Figure 2. Figure of a muscle spindle showing how the measurements were done using the Fiji – 

ImageJ program. Panel A shows circumferential elements which were marked with anti-vGluT1 

antibody. The white arrowhead indicates how the width measurements were done. The white 

arrow shows how the length measurements were done. Panel B shows the sarcomeres which 

were stained using the S46 antibody against myosin heavy chain 6. To measure the sarcomeres 

per µm a line was drawn within the contractile part of the muscle spindle and the number of 
sarcomeres within that line was counted. Scale bars: A, 20 μm; B, 10μm 
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4. Results 

4.1 Qualitative Analysis of Muscle Spindle Morphology 

To investigate if the lack of the GAA enzyme affects the structure of muscle spin-

dles, I used different antibodies to identify changes in the distribution of specific 

marker proteins in wildtype and Gaa-/- muscle spindle. The anti-vesicular gluta-

mate transporter (vGluT1) antibody was used to identify the sensory neuron with 

its annulospiral endings (Zhang, 2014), the S46 antibody which marks the myosin 

heavy chain 6 specifically in nuclear bag fibers (Miller et al., 1985), the anti-Nav1.4 

antibody which marks the voltage-gated sodium channel Nav1.4 (Watkins et al., 

2022). Since the symptoms for the disease usually worsen with age of the mice  

(Raben et al., 1998), the muscle spindles of 2.5-month-old and 8.5-month-old 

mice were compared to determine the disease progression. Mice that were older 

that 8.5-month-old were not used, to avoid unnecessary animal suffering, as older 

mice usually develop convulsions (Raben et al., 2000). 

4.1.1 Muscle Spindle Morphology of 2.5-Month-Old Mice 

Since Pompe disease is characterized by a steady progressive muscle damage 

and degeneration, the muscle spindle morphology of 2.5-month-old  

Gaa-/- mice was investigated first, followed by the investigation in 8.5-month-old 

Gaa-/- mice to see how the disease progression affects muscle spindles. Figure 

3 shows the morphology of a representative muscle spindle from 2.5-month-old 

wildtype mice in the extensor digitorum longus muscle (EDL). The vGlut1 staining 

indicates the presence of the circumferential elements in the nuclear bag and 

chain fibers. The S46 and Nav1.4 staining shows the distribution of the sarco-

meres in the polar regions of the muscle spindle. The distribution of all three an-

tigens was identical to what has been described previously  (Pedrosa et al., 1990; 

Kucera et al., 1992; Walro & Kucera, 1999; De-Doncker et al., 2002; Zhang, 2014; 

Gerwin et al., 2019; Watkins et al., 2022). The S46 staining was only observed in 

the polar regions of the nuclear bag fibers, since it is specific for nuclear bag fiber 
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(Kucera & Walro, 1995). In contrast, the Nav1.4 staining was present in both nu-

clear bag and chain fibers but due to the sarcomeres being concentrated in the 

polar region, the equatorial region was mostly devoid of staining. The 4′,6-dia-

midino-2-phenylindole (DAPI) staining shows a distribution of the nuclei similar to 

what has been described before (Gerwin et al., 2020; Kröger & Watkins, 2021). 

The muscle spindle in Fig. 3 consisted of a nuclear bag fiber characterized by the 

aggregated nuclei and a nuclear chain fiber characterized by the chain-like align-

ment of the nuclei. In summary, this shows an intact muscle spindle morphology 

in 2.5-month-old control mice.  

 I next compared the distribution of the different marker proteins in muscle 

spindles from control animals to spindles from Gaa-/- mice. Figure 4 shows the 

muscle spindle morphology of 2.5-month-old Gaa-/- mice in the EDL muscle. The 

muscle spindle in this case was also intact, including the presence of the circum-

ferential elements in the sensory nerve terminals, the presence of sarcomeres in 

the polar regions and a normal distribution of the nuclei. In conclusion, I did not 

detect major obvious differences between the muscle spindle morphology of the 

2.5-month-old wildtype and 2.5-month-old Gaa-/- mice. There were also no ap-

parent differences observed in the muscle spindle morphology between 2.5-

month-old Gaa-/- and age-matched control mice in the slow-twitch soleus muscle 

(data not shown). 
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Figure 3. Muscle Spindle of 2.5-month-old Wildtype Mice in the EDL Muscle.      

(A) Staining against myosin heavy chain 6 with S46 antibody shown in the polar regions of the 

nuclear bag fiber. The absence of S46 antibody in the central region of the spindle is due to the 

very few sarcomeres, which are present as circumferential ring in the subsarcolemmal region. 
Note here also the lack of staining of the intrafusal chain fiber marked with asterisk. (B) Likewise, 

antibodies against sodium channel Nav1.4 stain the polar regions of nuclear bag fiber and chain 

fibers of the muscle spindle. Anti-Nav1.4 antibody is similarly absent in the central region of the 

spindle is due to the very few sarcomeres in this region. (C) Staining using antibodies against 

vesicular glutamate transporter 1 (vGluT1) showing the circumferential elements of sensory nerve 

terminals. (D) Cell nuclei labelled with DAPI. In the nuclear chain fiber (marked by the arrow in 

panel D), the nuclei are aligned one after another, whereas in the nuclear bag fiber (marked by 

an arrowhead in panel D) the nuclei are aggregated on top of each other. (E) Merge of the panels 
Scale bar: 50µm.  
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Figure 4. Muscle Spindle of 2.5-month-old Gaa-/- Mice in the  

EDL Muscle. Distribution of different molecular markers show-

ing an intact muscle spindle. (A) Staining against myosin 

heavy chain 6 with S46 antibody shown in the polar regions of 

the nuclear bag fiber. (B) Staining against Nav1.4 using anti-

Nav1.4 antibody stain the polar regions of nuclear bag fiber 

and chain fibers of the muscle spindle. (C) Staining of the cir-
cumferential elements of sensory terminals with anti-vGluTt1 

antibody. (D) Nuclei stained with DAPI show two nuclear bag and two chain fibers. (E) Merge of 

the panels (minus panel D) showing a non-overlapping distribution of Anti-Nav1.4 and S46 anti-

body in the polar regions of nuclear bag fiber. Scale bar: 50µm. (F) Higher magnification of the 

distribution of S46 and Nav1.4 in a peripheral part of an intrafusal fiber. Scale bar: 5µm.    
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4.1.2 Muscle Spindle Morphology in 8.5-Month-Old Mice 

The next age groups of mice I investigated were the 8.5-month-old wildtype and 

Gaa-/- mice. Figure 5 shows the muscle spindle morphology in the EDL muscle of 

a 8.5-month-old wildtype mouse. The muscle spindle morphology of the 8.5-

month-old wildtype mice was similar to the 2.5-month-old wildtype mice and to 

what has been described before (Gerwin et al., 2020; Watkins et al., 2022). This 

includes the presence of circumferential elements marked by vGluT1 in the cen-

tral region of the spindle, the presence of the sarcomeres in the polar regions of 

the muscle spindle shown by the S46 and Nav1.4 staining and lastly a normal 

distribution of intrafusal fiber cell nuclei.  

 I next compared the morphology of muscle spindles from 8.5-month-old 

wildtype mice with that of 8.5-month-old Gaa-/- mice. Figure 6 shows a muscle 

spindle from a 8.5-month-old Gaa-/- mouse. Here the morphology of the muscle 

spindle was clearly disrupted. In the center of the muscle spindle, there was a 

total lack of the circumferential elements of the sensory nerve terminals of the 

muscle spindle. Instead, vGluT1 immunoreactivity labeled multiple large varicos-

ities (shown by white arrows in Fig.6C). In addition, the nuclei of the intrafusal 

fibers were not as clearly arranged in the standard chain or bag fiber pattern, 

suggesting an abnormal distribution of nuclei (shown in Fig.6D). The sarcomeres 

were still present in the polar region of the muscle spindle (Fig.6A and Fig.6B). 

The same differences were also observed in the muscle spindle morphology of 

the slow-twitch soleus muscle (data not shown). 
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Figure 5. Muscle Spindle of 8.5-month-old Wildtype Mice in the EDL Muscle.  

Distribution of different molecular markers showing an intact muscle spindle. (A) Staining against 

myosin heavy chain 6 with S46 antibody shown in the polar regions of the nuclear bag fiber. (B) 

Likewise, staining against Nav1.4 using anti-Nav1.4 antibody stain the polar regions of nuclear 

bag fiber and chain fibers of the muscle spindle. (C) Staining of the circumferential elements of 
sensory terminals with anti-vGluTt1 antibody. (D) Nuclei stained with DAPI. (E) Merge of all panels 

(minus panel D). Scale bar: 50µm. 
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Figure 6. Muscle Spindle of 8.5-month-old Gaa-/- Mice in the EDL Muscle.  

Distribution of different molecular markers, indicating muscle spindle degeneration. (A) Staining 

against myosin heavy chain 6 with S46 antibody showing the sarcomeres still present in the polar 
region the muscle spindle. (B) Likewise, staining against Nav1.4 using anti-Nav1.4 antibody show-

ing the sarcomeres still present in the polar region the muscle spindle. (C) Staining of the sensory 

terminals with anti-vGluT1 showing a complete lack of the circumferential elements and the pres-

ence of varicosities (indicated by the white arrow). (D) Nuclei stained with DAPI. The nuclei are 

not as clearly arranged in the typical bag and chain fiber pattern. (E) Merge of all panels. Scale 

bar: 50µm. 
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4.2 Autophagic Build-up in Muscle Spindles of Gaa-/- Mice 

Autophagy is an intracellular degradation system that delivers cytoplasmic con-

stituents to the lysosome, where they are degraded and recycled (Mizushima, 

2007). Since it is known that the autophagic process is disrupted and there is an 

accumulation of autophagosomes in extrafusal fibers of Gaa-/- mice and patients 

with Pompe disease (Lim et al., 2014; Kohler et al., 2018), I investigated if there 

is autophagic buildup also in intrafusal fibers of the muscle spindles from Gaa-/- 

mice. To this end the specific autophagosome marker microtubule-associated 

proteins 1A/1B light chain 3 (also known as LC3) (Kabeya et al., 2000) was used. 

The muscle spindles of 2.5-month-old wildtype mice and Gaa-/- mice as well as 

8.5-month-old wildtype mice and Gaa-/- mice were analyzed. Figure 7B shows a 

muscle spindle of a 2.5-month-old wildtype mouse in the EDL muscle, where 

there was no evidence of autophagic build-up. In contrast, in the 2.5-month-old 

Gaa-/- mice a few autophagic vacuoles were detectable (Fig. 8). Figure 9 shows 

a representative muscle spindle of 8.5-month-old wildtype mice, where no au-

tophagic build-up was observed. In contrast, the muscle spindle of 8.5-month-old 

Gaa-/- mice (Fig.10) showed considerable autophagic build-up. Similar results 

were obtained when I analyzed the muscle spindles in the 2.5-month-old and 8.5-

month-old Gaa-/- mice of the slow-twitch soleus muscle (data not shown). These 

results show that the intrafusal fibers in Gaa-/- mice are similarly affected by the 

autophagic build-up as are the extrafusal fibers. Furthermore, it appears that a 

disruption of autophagy might begin in mice as early as 2.5-months of age. 
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Figure 7. Distribution of LC3A/B in Muscle Spindle of 2.5-month-old Wildtype Mice in the EDL 

Muscle. Distribution of molecular markers showing an intact muscle spindle and no autophagic 

accumulation. (A) Staining against myosin heavy chain 6 with S46 antibody shown in the polar 

regions of the nuclear bag fiber. (B) Staining of the autophagosomes with LC3A/B antibody show-

ing no autophagic accumulation. (C) Staining of the circumferential elements of the sensory ter-
minal with vGluT1. (D) Nuclei stained with DAPI. (E) Merge of all panels (minus panel D).  

Scale bar: 20µm. 

 

 

Figure 8. Distribution of LC3A/B in Muscle Spindle of 2.5-Month-Old Gaa-/- Mice in the EDL Muscle 

Distribution of molecular markers showing an intact muscle spindle with little to no autophagic 
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accumulation. (A) Staining of the autophagosomes with LC3A/B antibody showing some au-

tophagic vacuoles marked by white arrows (B). Staining of the sensory terminals with vGluT1, 

showing the circumferential elements still intact. (C) Merge of the panels showing colocalization 

of LC3A/B antibody with the sensory nerve terminal, suggesting that the terminal is degrading 
first before the intrafusal fiber. Scale bar: 20µm.  

 

 

 

 

Figure 9. Distribution of LC3A/B in Muscle Spindle of 8.5-Month-Old Wildtype Mice in the EDL 

Muscle. Distribution of molecular markers showing an intact muscle spindle and no autophagic 

accumulation. (A) Staining against myosin heavy chain 6 with S46 antibody shown in the polar 

regions of the muscle spindle. (B) Staining of autophagosomes with LC3A/B antibody showing no 

autophagic build-up. (C) Staining of the sensory terminals with vGluTt1, showing the circumfer-

ential elements still intact (D) Nuclei stained with DAPI. (E) Merge of all panels (minus panel D). 

Scale bar: 50µm. 
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Figure 10. Distribution of LC3A/B in Muscle Spindle of 8.5-month-old Gaa-/- in the EDL Muscle. 

Distribution of molecular markers, showing muscle spindle degeneration and autophagic accu-
mulation inside the muscle spindle. (A) Staining of the autophagosomes with LC3A/B antibody 

showing considerable autophagic build-up inside the intrafusal fiber marked by the white arrows 

and inside the vGluT1-positive varicosity marked by the yellow arrows. (B) Staining of the sensory 

terminals with anti-vGluT1 antibodies showed a complete lack of the circumferential elements and 

the presence of a varicosity marked by the blue arrow. (C) Merge of all panels. Scale bar: 20µm.  
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4.3 Quantitative Analysis 

4.3.1 Width and Length of Circumferential Elements in Bag and Chain 
Fibers  

Muscle spindles from different mice and different muscles showed a different de-

gree of degeneration, so it was necessary to quantify the immunohistochemistry 

results. Therefore, I conducted a quantitative analysis to investigate if there was 

any difference in the morphology of the circumferential elements of the sensory 

nerve terminals in the wildtype mice and Gaa-/- mice. Both the width and length 

of the circumferential elements of the sensory terminals in the nuclear bag fiber 

and the nuclear chain fiber in the 2.5-month-old wildtype mice and Gaa-/- mice 

were analyzed in the slow twitch soleus muscle and fast twitch EDL muscle. Fig-

ure 11 shows the differences in the width and length of the circumferential ele-

ments in nuclear bag and chain fibers in the EDL muscle between the 2.5-month-

old wildtype and Gaa-/- mice. I observed that in the nuclear bag fibers, the circum-

ferential elements had a greater width in Gaa-/- mice compared to the wildtype 

mice. In contrast, the length of the circumferential elements in the nuclear bag 

fibers, was shorter in the Gaa-/- mice compared to control mice. Similar results in 

the circumferential elements of nuclear chain fibers were also observed in the 

EDL muscle between the 2.5-month-old wildtype and age-matched Gaa-/- mice. 

The mean values for the length and width of the circumferential elements in the 

EDL muscle for the Gaa-/- and BL6 lines are given in Table 10 together with the 

corresponding standard deviations. Figure 12 shows the differences in the width 

and length of the sensory nerve terminal circumferential elements in nuclear bag 

and chain fibers from the soleus muscle of 2.5-month-old wild type and Gaa-/- 

mice. Here I also observed that in both the nuclear bag fibers and nuclear chain 

fibers, the circumferential elements had a greater width in the Gaa-/- mice com-

pared to the control mice. In contrast, the length of the circumferential elements 

in the nuclear bag and chain fibers, was shorter in the Gaa-/- mice compared to 

wildtype mice. The mean values for the length and width of the circumferential 

elements in the soleus muscle for the Gaa-/- and BL6 lines are given in Table 11 
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together with the corresponding standard deviations. These results show that the 

circumferential elements of the sensory terminals in the EDL and soleus muscle 

in 2.5-month-old mice get wider and shorter. Comparing the circumferential ele-

ments of the muscle spindles between the wildtype group and Gaa-/- mice was 

not possible, because of the complete lack of the circumferential elements in the 

muscle spindles of 8.5-month-old Gaa-/- mice due to the degeneration of the sen-

sory nerve terminal.  

 

Figure 11. Width and Length of Circumferential Elements in Bag and Chain Fibers in 2.5-month-

old BL6 and Gaa-/- Mice in the EDL Muscle. In the EDL muscle of Gaa-/- mice the circumferential 

elements of sensory nerve terminals were significantly wider and shorter in the nuclear bag and 

chain fibers when compared to the CE of the sensory nerve terminals of BL6 mice. Mean ± Stand-

ard deviation; BL6: N=3 mice, n=9 spindles; Gaa-/-: N=3 mice, n=9 spindles; Student ‘s t-test, P-

values: *<0.05, **<0.01, ***<0.001; CE: Circumferential Elements, BF: Bag Fibers, CF: Chain Fi-

bers.  

Table 10. Mean Values (Width and Length in µm) and ± STDEV of the Circumferential Elements 

in Bag and Chain Fibers in BL6 and Gaa-/- Mice of EDL Muscle. 

EDL Muscle 

  BL6 Gaa-/-  
Mean ± STDEV Mean ± STDEV P-Value 

Width of CE in 
Bag fibers 3.01 0.76 3.76 0.54 

 
0.0001 

Width of CE in 
Chain fibers 3.34 0.87 3.89 0.75 

 
0.0019 

Length of CE in 
Bag fiber 9.61 2.04 8.77 1.43 

 
0.0008 

Length of CE in 
Chain fibers 5.98 0.94 5.52 0.81 

 
0.015 
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Figure 12. Width and Length of Circumferential Elements in Bag and Chain Fibers in 2.5-month-

old BL6 and Gaa-/- Mice in the Soleus Muscle. In the soleus muscle of Gaa-/- mice only the width 

of CE of the sensory nerve terminals in the nuclear bag fibers was significantly greater when 

compared to CE of sensory nerve terminals of BL6 mice. Mean ± Standard deviation; BL6: N=3 
mice, n=9 spindles; Gaa-/-: N=3 mice, n=9 spindles; Student‘s t- test, P-values: *<0.05, **<0.01, 

***<0.001; CE: Circumferential Elements, BF: Bag Fibers, CF: Chain Fibers. 

Table 11. Mean Values (Width and Length in µm) and ± STDEV of the Circumferential Elements 

in Bag and Chain Fibers in BL6 and Gaa-/- Mice of Soleus Muscle. 

 

Soleus Muscle 

  BL6 Gaa-/-  
Mean ± STDEV Mean ± STDEV P-Value 

Width of CE in 
Bag fibers 2.78 0.67 3.53 1.02 

 
0.0001 

Width of CE in 
Chain fibers 3.53 0.72 3.60 0.82 

 
 

0.7108 
Length of CE in 
Bag fiber 8.05 1.73 7.96 1.25 

 
0.716 

Length of CE in 
Chain fibers 5.62 1.21 5.12 0.89 

 
 

0.085 
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4.3.2 Quantitative Analysis of the Number of Muscle Spindles per Muscle 

To investigate if muscle spindles are also affected by degeneration in the GAA 

deficient mice, resulting in muscle spindle loss, I determined the number of mus-

cle spindles in the soleus muscles and compared these values between wildtype 

and Gaa-/- mice. The results are shown in Figure 13. The mean number of muscle 

spindles in the 8.5-month-old wild type mice was 8.25, compared to 4.67 in the 

8.5-month-old Gaa-/- mice. These results show a reduced number of muscle spin-

dles in Gaa-/- mice. They also suggest that the degenerative changes observed 

in 8.5-month-old Gaa-/- mice could lead to the loss of muscle spindles. The mean 

values for the number of muscle spindles in Gaa-/- and BL6 lines are given in 

Table 12 together with the corresponding standard deviations.  

 

 

Figure 13. Mean Number of Muscle Spindles in the Soleus Muscle of the 8.5-month-old BL6 and  

Gaa-/- Mice. The soleus muscle of 8.5-month-old Gaa-/- mice had a significantly lower number of 
muscle spindles than the soleus muscle of 8.5-month-old BL6 mice. Mean ± Standard deviation; 

BL6: N=3 mice; Gaa-/-: N=3 mice; Student‘s t- test, P-values: *<0.05, **<0.01, ***<0.001. 

Table 12. Mean Values of the Number of Muscle Spindles and ± STDEV in Soleus Muscle of 8.5-

month-old BL6 and Gaa-/- Mice. 

Muscle Spindles in Soleus Muscle 

  Mean ± STDEV 
 

P-Value 
  

8.5-month-old BL6 8.25 0.96  
   0.002 

 

8.5-month-old Gaa-/-  4.67 0.58  
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4.3.3 Quantitative Analysis of Sarcomeres  

In order to investigate if the contractile part of muscle spindles is also affected by 

absence of GAA enzymatic activity, the number of sarcomeres per µm in the 2.5-

month-old and 8.5-month-old wildtype and in Gaa-/- mice were counted. I ob-

served no apparent statistical difference between the number of sarcomeres per 

µm in 2.5-month-old and 8.5-month-old wildtype and Gaa-/- mice for both,  

the soleus and the EDL muscle. These results show that the density of sarco-

meres in the 2.5-month-old and 8.5-month-old Gaa-/- mice did not change com-

pared to the age-matched control mice. The mean values for sarcomeres per µm 

in the Gaa-/- and BL6 lines are given in Table 13 together with the corresponding 

standard deviations. 

 

 

Figure 14. Number of Sarcomeres per µm in the EDL and Soleus Muscle in 2.5- and 8.5-month-

old BL6 and Gaa-/- Mice. There was no significant difference in the number of sarcomeres per µm 

in the soleus and EDL muscle of 2.5-month-old and 8.5-month-old BL6 and Gaa-/- Mice.  

Mean ± Standard deviation; BL6: N=3 mice, n=9 spindles; Gaa-/-: N=3 mice, n=9 spindles;  
Student‘s t- test, P-values: *<0.05, **<0.01, ***<0.001; M: month-old. 
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Table 13. Mean values (sarcomeres per µm) and ± STDEV in the EDL and Soleus Muscle in 

2.5m-month-old and 8.5-month-old BL6 and Gaa-/- Mice.  

 

 

 

 

Mean sarcomeres per µm 

  
EDL Muscle Soleus Muscle 

Mean ± STDEV 
 

P-Value Mean ± 
STDEV 

 
P-Value  

2.5-month-
old BL6 mice 0.459 0.028  

 
0.384 

0.461 0.037  
 

0.071 

 

2.5-month-
old Gaa-/- 

mice 
0.471 0.02 0.493 0.031  

8.5-month-
old BL6 mice 0.48 0.034  

 
0.336 

0.447 0.035  
  

0.319 

 

8.5-month-
old Gaa-/- 
mice 

0.464 0.015 0.466 0.018  
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5. Discussion  

In my thesis, I qualitatively and quantitatively analyzed muscle spindles from mice 

with a genetic deficiency of the acid alpha-glucosidase enzyme. The lack of the 

GAA enzyme causes severe degeneration of extrafusal fibers in skeletal muscles 

and the nervous system, resulting in gait and posture instability in patients with 

Pompe disease, which increases the risk of falling and hospitalization (McIntosh 

et al., 2015; Valle et al., 2016; Lamartine S Monteiro & Remiche, 2019). Previous 

studies have shown that this instability can only be partly explained by the myo-

pathy (Schneider et al., 2020). I therefore hypothesized that an altered proprio-

ception causes these symptoms. Since muscle spindles are the main propriocep-

tors, I investigated if and how severely muscle spindles are affected in the GAA 

deficient mice. These mice have been used in numerous other studies regarding 

Pompe disease and have key features of both the infantile and adult forms of the 

disease (Bijvoet et al., 1998; Raben et al., 1998; Yi et al., 2017; Colella et al., 

2019; Lee et al., 2020). Since the muscle wasting in Pompe disease is progres-

sive, I analyzed 2.5-month-old and 8.5-month-old mice, to characterize the dis-

ease progression in muscle spindles. Furthermore, I investigated if muscle fiber 

composition plays a role in muscle spindle degeneration, since it is known that 

type 2 muscle fibers are more severely affected and more therapy-resistant in 

Pompe disease (Raben et al., 2007). To this end, I examined the predominantly 

slow twitch soleus muscle and predominantly fast twitch EDL muscle (Barclay et 

al., 1993; Soukup et al., 2002; Hettige et al., 2020). To explain the pathophysiol-

ogy of Pompe disease, autophagy has emerged as one of the most important 

pathogenic processes. Since autophagic accumulation in extrafusal fibers has 

been demonstrated using the light chain 3-like protein (LC3A/B) antibody (Shea 

& Raben, 2009), I investigated if that might be also the case for the intrafusal 

fibers of the muscle spindle. In the following sections, I will discuss these issues 

separately. 
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5.1 Muscle Spindle Structural Changes  

I started my investigation of the muscle spindle structure with a qualitative analy-

sis. I first analyzed the morphological changes in muscle spindles of 2.5-month-

old Gaa-/- mice and compared them to age-matched wildtype mice. The 2.5-

month-old Gaa-/- mice had an intact muscle spindle structure similar to that of the 

age-matched control group. The muscle spindles had a normal distribution of nu-

clei, the morphology of the annulospiral endings was intact and the sensory nerve 

terminal had direct contact with the intrafusal fibers. Moreover, the contractile fil-

aments were exclusively observed in the polar regions of the spindles. However, 

the quantitative analysis of these spindles showed there were already some mi-

nor changes present. The circumferential elements of the sensory nerve termi-

nals had greater width and were shorter in length. One possible explanation for 

these structural changes could be glycogen deposits and/or autophagic buildup 

inside the circumferential elements. This is in accordance with the literature, 

where patients with Pompe disease have also been found to have glycogen de-

posits in their peripheral nervous system and dorsal root ganglia neurons (Gam-

betti et al., 1971; Falk et al., 2015; Lee et al., 2020). In contrast, the muscle spin-

dles of the 8.5-month-old Gaa-/- mice had massive changes, especially in the 

morphology of the annulospiral endings, compared to the age-matched wildtype 

mice. The annulospiral endings were completely absent, had lost contact with the 

intrafusal fibers and had retracted and formed large varicosities. These varicosi-

ties are typical for the “dying back” mechanism, which refers to the progressive 

distal to proximal axonal degeneration that results from metabolic, toxic, or de-

generative disorders (Benarroch, 2015). Muscle spindles from the gracile axonal 

dystrophy mouse line have shown similar alterations (Yong et al., 2021). In addi-

tion, in these muscle spindles the nuclei were not as clearly arranged in their 

typical chain or bag pattern. Since intrafusal fibers have a very distinct distribution 

of nuclei, the nuclear bag fibers with nuclei packed together in the equatorial re-

gion and the nuclear chain fibers with a single row of nuclei in the equatorial re-

gion, disarrangement of their nuclei might be a reflection of the degeneration of 

the intrafusal fiber. 
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 The molecular mechanism that causes this degeneration is not clear. How-

ever, the exchange of signaling molecules between the intrafusal fiber and the 

sensory nerve terminal is required for the survival both cell types. One theory 

could be that the degeneration of the intrafusal fiber happens first, which subse-

quently leads to less secretion of neutrophin-3 - required for the survival of the 

sensory neuron (Ernfors et al., 1994; Klein et al., 1994) - causing degeneration 

and retraction of the sensory nerve. Another theory could be that the sensory 

nerve degenerates first because of the polyneuropathy which happens in Pompe 

patients (Sidman et al., 2008; Hobson-Webb et al., 2015; Lamartine S Monteiro 

& Remiche, 2019). This would lead to a reduced secretion of neuregulin-1 by the 

sensory neuron, which is required for the survival of intrafusal fibers (Hippen-

meyer et al., 2002; Cheret et al., 2013). Lastly, it is also possible that the sensory 

neuron degeneration and intrafusal fiber degeneration are two separate pro-

cesses that occur simultaneous.  

 A quantitative analysis of the circumferential elements in the 8.5-month-old 

Gaa-/- mice was not possible because of their total absence in these mice, indi-

cating once again the severe degeneration which the annulospiral endings un-

dergo in the 8.5-month-old Gaa-/- mice.  

 The contractile part of the muscle spindles was apparently not affected as 

much in regard to sarcomere density, compared to the degeneration of the annu-

lospiral ending. There was no statistical difference between the number of sarco-

meres per µm in 2.5-month-old and 8.5-month-old wildtype and Gaa-/- mice, indi-

cating that the sarcomere density does not change with disease progression. Alt-

hough in Pompe disease the type II extrafusal muscle fibers are preferentially 

affected, especially with respect to autophagic build-up (Raben et al., 2007), the 

degeneration of muscle spindles in the 8.5-month-old Gaa-/- mice occurred in both 

the predominantly slow twitch soleus muscles and predominantly fast twitch EDL 

muscle. This strongly suggests that the degeneration of muscle spindles happens 

independent of muscle fiber composition.   

In conclusion, the data suggest that the muscle spindle degeneration in the 8.5-

month-old Gaa-/- mice, could cause an altered proprioception, resulting in the gait 
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and posture instability with an increased risk for falling.  

This is in accordance with an autopsy study in a single  Pompe patient which 

showed the intrafusal fibers of the muscle spindles have marked vacuolation and 

glycogen accumulation irrespective of the condition of their muscle of origin (van 

der Walt et al., 1987) and another study proving the gait and posture problems in 

Pompe patients (Schneider et al., 2020). Therefore, training that focuses on pro-

prioceptive improvement might be a useful component in the therapy of Pompe 

patients. The differences in locomotion between quadrupedal mice and bipedal 

human must be taken into consideration, thus making a translation to humans 

difficult.  

5.2 Autophagic Buildup Inside the Muscle Spindles  

Autophagy (from Greek for “self-eating”) is a process, through which proteins and 

organelles are delivered to lysosomes for degradation and recycling. The main 

role of autophagy is to provide energy during phases of starvation. Under normal 

conditions autophagy serves as a quality control system by eliminating damaged 

organelles and proteins (Klionsky, 2007; Yim & Mizushima, 2020). The main path-

ogenic mechanism to explain Pompe disease has been accumulation of glycogen 

in lysosomes, resulting in enlargement and finally rupture of lysosomes. How-

ever, poor response of skeletal muscle to enzyme replacement therapy prompted 

a reassessment of disease mechanisms (Raben et al., 2012). Accumulation of 

autophagic debris in skeletal muscles from mice with Pompe disease, suggested 

autophagy as a potential pathogenic mechanism in Pompe disease. Especially 

since glycogen appears to enter lysosomes via autophagy (Raben et al., 2010). 

The discovery of the MAP1LC3 (microtubule - associated protein light chain 3) 

as a highly specific marker for autophagosomes, has made it possible to study 

autophagy on the cellular level. Since the autophagic process is disrupted in  

Gaa-/- mice and in Pompe disease patients and since there is an accumulation of 

autophagosomes in extrafusal fibers (Lim et al., 2014; Kohler et al., 2018), I in-

vestigated if there is any autophagic buildup also in the intrafusal fibers of the 

muscle spindle using the antibody against the LC3A/B protein. In both, the 2.5-



 

48 

 

month-old and 8.5-month-old wildtype there was no autophagic build-up inside 

the muscle spindle. However, in the 2.5-month-old Gaa-/- mice I observed a small 

number of autophagic vacuoles inside the muscle spindle. In contrast, in the 8.5-

month-old Gaa-/- mice there was considerable autophagic build-up inside the in-

trafusal fibers of the muscle spindle and in the vGluT1-postive varicosities. These 

results show that the muscle spindles are also affected by autophagy, and that 

the autophagic build-up inside the muscle spindles could contribute to their de-

generation. Furthermore, it appears that a disruption of autophagy might begin in 

mice as early as 2.5-months of age in the Gaa-/- mice.  

5.3 Number of Muscle Spindles in Wildtype and Gaa-/- Mice  

To investigate if the degenerative processes induced by the absence of the GAA 

enzyme also affects the number of muscle spindles in skeletal muscle, I quanti-

tatively analyzed the number of muscle spindles in the soleus muscles of 8.5-

month-old Gaa-/- mice and compared this number to the age-matched wildtype 

mice. The muscle spindles were identified using indirect immunofluorescence 

and the epifluorescent microscope. Using two morphological criteria, the positive 

staining of the annulospiral endings with vGluT1 and the positive DAPI staining 

with the characteristic distribution of the nuclei within the intrafusal bag and chain 

fibers, it was possible to detect muscle spindles within serial sections of the so-

leus muscle. The data showed that the number of muscle spindles in the 8.5-

month-old Gaa-/- mice was lower (4.67 in Gaa-/- mice compared to 8.25 in wildtype 

mice) than in the 8.5-month-old- wildtype mice with a statistical significance. This 

finding implies that the lower number of muscle spindles in Gaa-/- mice might af-

fect proprioception. One caveat should, however, be noted: identifying muscle 

spindles in in sections from 8.5-month-old Gaa-/- mice was considerably difficult. 

Due to the lack of annulospiral endings in the muscle spindles of these mice, 

vGluT1 staining was not a reliable approach to detect the spindles. Similarly, be-

cause the intrafusal bag and chain fiber had lost their typical structure due to 

degeneration, the DAPI staining was less accurate. This might have affected the 
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quantification since it might lead to an underrepresentation of the number of mus-

cle spindles per muscle. Another point to mention is that when compared to pre-

vious research, the number of muscle spindles detected in wildtype mice was on 

the lower end of the average (Gerwin et al., 2020).  
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7. Appendix  

7.1 List of abbreviations 

BL6 mice C57BL/6J 

BSA  Bovine serum albumin 

CE Circumferential elements  

CK Creatine kinase 

CMA Chaperone-mediated autophagy  

DAPI  4′,6-diamidino-2-phenylindole 

DRG Dorsal root ganglion 

EDL  Extensor digitorum longus 

ERT Enzyme replacement therapy 

Gaa-/- mice B6;129-Gaatm1Rabn/J 

IHC Immunohistochemistry 

IOPD Infantile-onset Pompe disease 

LOPD Late-onset Pompe disease 

MRI Magnetic resonance imaging 

Nav1.4  Voltage gated sodium channel 1.4 

PBS  Phosphate buffered saline 

PBS-T Phosphate buffered saline with Tween 

PFA  Paraformaldehyde 

vGluT1  Vesicular glutamate transporter 1 
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