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BENEFICIAL EFFECTS OF EXERCISE ON GLIAL CELL LINE-DERIVED 

NEUROTROPHIC FACTOR CONTENT AND ENDPLATE 

MORPHOLOGY IN SKELETAL MUSCLE OF AGING 

 MALE AND FEMALE RATS 

 

 

Juliana M. VanGyseghem, Ph.D. 

Western Michigan University, 2024 

 

 Premenopausal women display lower incidence and severity of neurological disease 

compared to men of the same age, yet these populations are often treated similarly. A decline in 

neuromuscular function is associated with aging, which may be partially explained by a decline 

in neurotrophic factor expression with age. A possible way to maintain neuroprotection would be 

to regulate the production and release of a target-derived neurotrophic factor, such as glial cell 

line-derived neurotrophic factor (GDNF). GDNF has been shown to be the most potent survival 

factor for motor neurons and GDNF content of skeletal muscle has been shown to increase with 

exercise.  

 This study examined GDNF levels and endplate morphology in skeletal muscle of males 

and females at different ages and with exercise. We hypothesize that the neuromuscular junction 

(NMJ) area and endplate dispersion will increase with sedentary aging in both sexes. We also 

hypothesize that prior to reproductive senescence, GDNF content will be higher in female rats 

than age-matched males. Furthermore, we hypothesize that exercise will increase estrogen levels 

and GDNF expression in skeletal muscle. 

 Hindlimb muscles soleus (SOL) and plantaris (PLA), and serum estrogen were taken 

from sedentary and exercised male and female Sprague-Dawley rats from 4 to 78 weeks of age. 

Sedentary groups consisted of 4, 6, 8, 12, 52, and 78-week-old females, and 4, 6, 8, and 12-

week-old males. Exercise groups consisted of male and female 4-week-old animals that 

voluntarily exercised in a running wheel for 2 weeks, 8-week-old animals exercised for 4 weeks, 

and for females a 52-week-old group exercised for 26 weeks. Right SOL and PLA were used for 



 

immunohistochemical analysis. Acetylcholine receptors at the NMJ were stained with α-

bungarotoxin. Left SOL and PLA were used for analysis of GDNF protein content by using 

enzyme-linked immunosorbent assay (ELISA). Trunk blood was taken, and the serum was used 

for quantification of estrogen levels using ELISA.  

 Our findings indicate that as individuals age, there is a noticeable change in the area and 

dispersion of endplates. Through exercise, we saw endplate area increase, coupled with a 

reduction in dispersion. However, in male rats, exercise did not significantly change endplate 

dispersion. Our study stands to be a pioneering investigation into the connection between 

endplate structure, aging, and exercise in female rats. Our results additionally reveal that levels 

of GDNF protein were higher in younger females compared to age-matched males. Physical 

activity increased GDNF levels in both sexes, consistently maintaining higher levels in females 

up until 12 weeks of age, when exercised males displayed the highest GDNF content overall. 

Furthermore, exercise induced an increase in estradiol levels. These collective findings 

contribute to the expanding narrative highlighting the positive effects of exercise across the 

lifespan, benefiting the individual both neurologically and physically.  
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CHAPTER I 

INTRODUCTION 

The focus of the research in our laboratory is to understand the regulation of neurotrophic 

factor expression in target tissue of the peripheral nervous system, and the role they play in 

helping maintain a healthy nervous system as we age.  

Aging Population and Healthcare Costs 

Aging is defined as the process of becoming older. It’s something we all do, whether we 

like it or not. Ironically when we’re younger we can’t age quickly enough, but as we get older, 

we wish time would slow down. There comes a point in aging when it is no longer beneficial to 

us, as our molecular and cellular processes begin to damage, leading to a decrease in physical 

and mental capacities. Not only that but getting older is very expensive. According to a report in 

2019 the life expectancy for both males and females has continued to be on an upward trend. The 

World Health Organization estimates, by the year 2030, that about 17% of people will be over 

the age of 60 years old, raising the elderly population level to close to 1.4 billion people. To 

extrapolate even further, by the year 2050 the overall population size will increase to 2.1 billion 

and the aging population that is 80 years old or higher will be close to 246 million. So, what does 

that mean? Recent studies from the Centers for Medicare and Medicaid have shown that the US 

spends a little over 4 trillion dollars on healthcare and healthcare-related costs. Interestingly, 

about 81% of it is spent on personal healthcare. This has been steadily increasing due to our 

aging population. Not only that, but it raises the question of the quality of life. Just because we 

are living longer, does that mean our quality of life is good?  

Sarcopenia, senile muscle atrophy, is seen in the elderly and can cause a difference in the 

quality of life (T. Gustafsson & Ulfhake, 2021; Marcell, 2003). Sarcopenia is defined as the loss 
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of muscle mass, and strength due to aging. In 2010 it was estimated that almost half of the 

elderly population, about 18 million people in the USA were affected by sarcopenia (Janssen et 

al., 2004). 

One might ask, why does sarcopenia occur? There are some camps of thought that the 

reason why sarcopenia occurs is because of the loss of communication between the neuron and 

the muscle. Atrophy occurs when protein synthesis is less than the rate of protein degradation, 

leading to a decrease in total muscle protein, muscle mass, and then impaired functional ability 

(Sartori et al., 2021). Atrophy has been seen after reduced neural stimulation, hindlimb 

unloading, immobilization, and the loss of nerve connection(Cisterna et al., 2014; Gao et al., 

2018; Tomanek & Lung, 1974).  

Just as getting older is a natural occurrence, there is something that happens within your 

body called neural plasticity. Neural plasticity is where neurons make contact, retract, make 

contact, and retract with the target tissue. While there is nothing inherently wrong with this 

process, during the aging process the time that the neuron stays retracted increases (Hunter et al., 

2016). The prolonged loss of motor neurons (MNs) connecting to target tissue has been shown to 

limit the target tissue’s ability to sprout and regenerate, leading to decreased muscle mass and 

strength, known as sarcopenia (Hunter et al., 2016).  

Neuromuscular Junction 

 The neuromuscular junction (NMJ) is the area that links the MN and skeletal muscle 

fibers. It is a specialized area of the motor unit, where the MN innervates the skeletal muscle. 

The NMJ is where the nerve communicates with the muscle. Communication at the NMJ 

involves a synapse from an axon that is extending from a MN in the spinal cord. The end of the 

axon reaches the skeletal muscle fibers and makes contact through an area called the motor 
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endplate. There is a small space between the axon terminal and motor endplate called the 

synaptic cleft. In the synaptic cleft is the site where communication between the presynaptic 

neuron and postsynaptic junction of the skeletal muscle occurs.  

 Communication between the neuron and skeletal muscle begins with the depolarization 

of the axon terminal. After depolarization, voltage-gated calcium channels open allowing 

calcium to enter the terminal. There are synaptic vesicles that contain the neurotransmitter, 

acetylcholine (ACh), that get triggered to move towards the edge of the terminal upon the entry 

of calcium. Once the vesicles have reached the edge of the terminal, they bind with the 

membrane. Here the synaptic vesicle fuses with the membrane and releases ACh by exocytosis. 

The ACh will travel across to the synaptic cleft where it will bind with ACh-receptors. This leads 

to muscle fiber excitation which will result in muscle contraction and then ultimately movement.  

NMJ Morphological and Functional Changes 

The NMJ functions as a crucial link between nerves and skeletal muscles, facilitating the 

effective conversion of chemical signals into electrical signals in skeletal muscle. This process is 

vital for normal muscle contraction and then maintenance of muscle mass. Research suggests 

that disruptions in the structure and function of the NMJ play a significant role in the decline of 

muscle mass and muscle power associated with sarcopenia (Casati et al., 2019; Faulkner et al., 

2007). 

For optimal signal transmission, changes occur in the pre-synaptic membranes and post-

synaptic membranes have a branching pattern known as the ‘pretzel-like’ configuration (Rudolf 

et al., 2014). Studies by Rowan et al. (2011) indicated that the weakening of nerve connections in 

aging muscles, known as denervation, is a primary contributor to muscle fiber atrophy. As a 

result of degenerating nerve terminals and muscle fiber loss that come with age, post-synaptic 
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ACh-receptors undergo structural reorganization, referred to as ‘fragmentation’ (Rudolf et al., 

2014). Furthermore, Deschenes et al. (2011) observed changes in the distribution of ACh-

receptors preceding the age-related muscle alterations seen in sarcopenia, including an increase 

in ACh-receptor area and perimeter.  

NMJ and Aging 

NMJs are a good indicator of motor health on a systemic level. With healthy NMJs ACh-

receptors are densely clustered in continuous, winding structures that are almost ‘pretzel-like’ 

(Rudolf et al., 2014). However, in aged or dystrophic muscle the NMJ becomes more 

fragmented, with less continuous connections.  

One potential factor contributing to fragmentation might be motor neuron death. 

Declining motor neuron health results in the disconnection of muscle fiber innervation, followed 

by reinnervation from adjacent neurons, forming new neuronal sprouts that target the same post-

synaptic structure (Rudolf et al., 2014). The NMJ is the site in which effective transmission from 

chemical signals in nerve terminals to electrical signals in skeletal muscle is essential for normal 

muscle contraction and muscle maintenance. Current understanding in the field suggests that 

motor neuron death is the leading cause of denervation in aging sarcopenia because of the fast 

decline in the number of alpha motor neuron cell bodies in the spinal cords of humans older than 

60 years old (Berger & Doherty, 2010; Kawamura et al., 1977; Tomlinson & Irving, 1977). 

Having NMJ structure and function impairment is suggested to play an important role in 

sarcopenia-related decline of muscle mass and muscle power (Casati et al., 2019; Faulkner et al., 

2007).  

With senescence, increased levels of dispersion is a sign of weakened motor unit 

recruitment. With fewer MNs and MUs, to be able to recruit the same fiber the remaining nerve 
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terminal is branching to reinnervate denervated muscle. The loss of innervating motor neurons 

and possibly decrease levels of trophic signaling between neuron and muscle, may explain an 

increase in sarcopenia among the elderly (Lexell, 1993).  

Neurotrophic Factors 

 Neurotrophic factors (NFs) are a family of biomolecules that support the growth, 

neuronal survival, regulate cell proliferation and differentiation of both developing and mature 

neurons, modulate axonal and dendritic outgrowth and regulate synaptic plasticity (Henderson et 

al., 1994; Morcuende et al., 2013; Yan et al., 1995; Zhu et al., 2008). There are different families 

of NFs defined by their unique cell signaling mechanisms. One of those families are 

neurotrophins which include brain derived neurotrophic factor (BDNF), nerve growth factor 

(NGF) neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4). The family of ciliary neurotrophic 

factor family includes ciliary neurotrophic factor (CNTF) leukemia inhibitor factor (LIF), 

interleukin-6 (IL-6), prolactin, growth hormone, leptin, interferons and oncostatin M. Another 

family is the glial cell line-derived neurotrophic factor family ligands (GFLs) which includes 

artemin, neurturin, persephin and glial cell line-derived neurotrophic factor, GDNF, the 

neurotrophic factor that I will be focusing on in my studies (Cobianchi et al., 2017; Oppenheim 

et al., 1995).  

GDNF 

 GDNF was first identified in 1993 in cultured B49 rat glial cells that were found to 

enhance the survival and differentiation of dopaminergic neurons by promoting dopamine uptake 

in embryonic midbrain dopaminergic neurons (L. F. Lin et al., 1993; L. H. Lin et al., 1994). It 

was characterized as a distant member of the transforming growth factor-β superfamily (L. F. Lin 

et al., 1993). GDNF is a dimeric protein linked by disulfide bonds, featuring seven conserved 
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cysteine residues. Its molecular weight is 30 kDa, which undergoes glycosylation as well (L. F. 

Lin et al., 1993). There are two forms of GDNF, in which the mature form is cleaved for 

secretion and expressed in two splice variants. The larger of the two is GDNF633 and a truncated 

form that is missing 78-base pair sequence, GDNF555. These are derived from a single RNA 

(Springer et al., 1995). These two different isoforms are expressed differentially in rat skeletal 

muscle. In healthy skeletal muscle the predominant isoform is GDNF555 while GDNF633 becomes 

the predominant isoform following denervation (Springer et al., 1995).  

 While GDNF has been shown to have major effects on enteric, sympathetic and 

dopaminergic neurons, it has also been identified as a potent neurotrophic factor for regulating 

MN survival in the peripheral nervous system (Henderson et al., 1994). GDNF prevents MN 

apoptosis during development in vivo (Oppenheim et al., 1995), decreases the loss of MNs in 

animal models of motor neuropathy and degeneration, rescues MNs from axotomy-induced cell 

death, and protects MNs from chronic degeneration (M. S. Airaksinen & Saarma, 2002; L. Li et 

al., 1995; Ruven et al., 2018; Sariola & Saarma, 2003; Trupp et al., 1995).  

 After the discovery of GDNF, many researchers began identifying which cell types in the 

mammalian body contained and produced GDNF. GDNF protein is found throughout both the 

central and peripheral nervous systems. It has been found within the normal growth and 

morphogenesis of the ureteric bud in developing kidneys and in Sertoli cells in the testis 

(Costantini, 2010; Meng et al., 2000). Synthesis and secretion of GDNF has been found in many 

cell types such as astrocytes, oligodendrocytes, Schwann cells, MNs, and skeletal muscle 

(Henderson et al., 1994; Yamamoto et al., 1996; Yan et al., 1995). 
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GDNF Synthesis 

 GDNF, initially synthesized as a 211-amino acid precursor within mammalian cells, is a 

secreted protein. Its pre-sequence guides it to the endoplasmic reticulum to facilitate secretion. 

Following secretion from the endoplasmic reticulum, the protein undergoes a process involving 

sulfide bond-mediated folding and dimerization. Subsequently, N-linked glycosylation modifies 

the protein, which then undergoes proteolytic cleavage to transform into its final mature form, 

consisting of 134 amino acids (L. F. Lin et al., 1993; L. H. Lin et al., 1994; Piccinini et al., 

2013).  

GDNF Receptors and Signaling 

Members of GFLs have low amino acid sequence homology, but function as homodimers 

of the activation of tyrosine kinase rearranged during transfection (RET) receptor. The RET 

receptor is expressed in the central and peripheral nervous system during development (Sanicola 

et al., 1997). GDNF, like the rest of the GFLs use RET as a signaling receptor but RET can only 

be activated in the presence of co-receptor glycosylphosphatidylinositol-linked (GPI) GDNF 

receptor α (GFRα) (Sariola & Saarma, 2003). GRFα receptors are bound to the plasma 

membrane via GPI anchors (Poteryaev et al., 1999) which contain three globular cysteine-rich 

domains, with the second domain being most commonly bound by GLFs, which is crucial for 

RET binding (M. Airaksinen et al., 1999; Peterziel et al., 2001).  

GDNF has two regions that make contact with the GFRα receptor. One of the regions is 

where the N-linked glycosylation takes place (Eigenbrot & Gerber, 1997; Parkash et al., 2008; 

Silvian et al., 2006). The other region is the C-terminal of the mature GDNF which is very 

important for its binding property to GFRα1 and activation of RET (Eketjall et al., 1999; Parkash 

et al., 2008). It is in the C-terminal of mature GDNF that we find cysteines Cys131 and Cys133 
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which participate in the formation of a ring structure by linking with Cys68 and Cys72 (Oh-hashi 

et al., 2009).  

Glial cell line-derived factor family ligands (GFLs) express high affinity specificity for 

one of the four main GFRα receptors (GFRα1-4). GDNF binds to GFRα1, NRTN binds to 

GFRα2, ARNT binds to GFRα3, and PSPN binds to GFRα4. The binding of the GFLs recruits 

RET to the lipid rafts, which promotes phosphorylation and dimerization of the tyrosine residues 

and triggers its association with Src family kinases (SFK) required for downstream signaling 

(Tansey et al., 2000). SFKs only interact with RET when the receptor is located within the 

membrane microdomain (Tansey et al., 2000). The RET-SFK relationship in downstream 

signaling caused by GDNF has been studied and found that SFK activity, in particular p60Src, 

was needed for GDNF-mediated Akt and MAPK phosphorylation (Encinas et al., 2001). The 

activation of RET triggers the mitogen activated protein kinase (MAPK), phosphoinositositide-3-

kinase (PI-3K), Erk and Akt pathways which are attributed to act in promotion of cell survival 

(M. S. Airaksinen & Saarma, 2002; M. Kim & Kim, 2018; Sariola & Saarma, 2003). Src was 

found to be critical for GFL-mediated neuronal survival, when a PI-3K inhibitor was used and it 

prevented GFL-mediated and Src-mediated neuronal survival (Encinas et al., 2001).  

While GFRα is more widely expressed when compared to RET in the nervous system 

there is another way that GFRα receptors can signal (Trupp et al., 1997; Yu et al., 1998). GFRα 

receptors could signal independent from RET via a novel transmembrane protein (Poteryaev et 

al., 1999; Trupp et al., 1999). Studies performed by Paratcha et al., (2003) that involved RET-

independent signaling by GDNF, in both glial and neuronal cells, showed a similarity between 

intracellular pathways that were activated by the neural cell adhesion molecule (NCAM), 

p140NCAM NCAM isoform. Neural cell adhesion molecule (NCAM) is an adhesion molecule 
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found in the nervous system and skeletal muscle, and it is involved in cell migration, synaptic 

plasticity, and neurite outgrowth during development (Crossin & Krushel, 2000; Ronn et al., 

2000; Schachner, 1997). NCAM isoform interacts directly with GDNF family ligands along with 

GFRα receptors, and mediates GDNF signaling in the absence of RET. GDNF, acting via 

NCAM pathway, has been shown to promote Schwann cell migration and axonal growth in 

cortical and hippocampal neurons (Paratcha et al., 2003). GFLs exhibit a lower binding affinity 

for the NCAM isoform and do not initiate intracellular signaling upon direct binding. 

Nevertheless, in the absence of GDNF, the interaction between GFRα1 receptors and NCAM 

leads to the suppression of NCAM-mediated cell adhesion, allowing for potential variations in 

physiological outcomes.  

GDNF mRNA and protein are found to be localized to the postsynaptic element of the 

NMJ in skeletal muscle. However, RET and GFRα1 mRNA are found in the MN and their 

proteins are concentrated in nerve endings at the presynaptic terminal of the NMJ (Baudet et al., 

2008; Suzuki et al., 1998). Because of the location and quantity of RET and GFRα1 receptor at 

the NMJ and how closely GDNF is expressed there it suggests that there is an important trophic 

role in nourishing and maintaining the neuromuscular synapse.  

GDNF and Skeletal Muscle 

 GDNF can be expressed by numerous target tissues, including skeletal muscle. In 1995, 

researchers successfully employed PCR from adult skeletal muscle identifying two distinct 

isoforms of GDNF (Springer et al.) One variant (GDNF633) exhibited elevated expression in 

denervated rat skeletal muscle after 1-2 weeks of axotomy (Springer et al., 1995). 

In 2004 Zhao et al. investigated GDNF mRNA expression across four distinct types of 

skeletal muscle, including healthy skeletal muscle, denervated muscle, denervated muscle that 
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received sensory input, and denervated muscle in which innervation was immediately repaired. 

The findings indicated that denervated muscle displayed the highest GDNF expression, followed 

by muscle receiving sensory input, and finally, muscle undergoing immediate repair. The 

category of healthy skeletal muscle exhibited the lowest GDNF mRNA levels, emphasizing 

GDNF’s heightened expression during reinnervation at the NMJ (Zhao et al., 2004). The results 

from experiments performed by Springer and Zhao provide further evidence that diverse GDNF 

isoform expression is influenced by muscle innervation. This highlights GDNF’s role as a 

neurotrophic factor originating from target tissues such as skeletal muscle. Moreover, trophic 

factor is dynamic following different injuries.  

 Another study that looked at the effects of denervated human skeletal muscle and GDNF 

upregulation was done in 1998 by Lie & Weis. They were looking at GDNF expression 

transcripts in healthy skeletal muscle, denervated skeletal muscle, and muscle from patients with 

Duchenne muscular dystrophy (DMD). DMD is an inherited genetic condition resulting in 

changes to the dystrophin protein. These changes ultimately lead to the deterioration of muscles 

and a state of physical frailty. What Lie and Weiss saw was that GDNF expression was 

significantly higher in muscle that was denervated when compared to normal or DMD affected 

muscle. A possible explanation for why this might have occurred is that there is still some 

amount of innervation with DMD patients so there is less need to try and attract the nerve back to 

the muscle, when compared to a completely denervated muscle. While other researchers had 

shown the effects of GDNF expression in denervated muscle, Lie and Weiss showed that GDNF 

mRNA expression in humans was similar to patterns that were observed in rats (Lie & Weis, 

1998; Springer et al., 1995; Zhao et al., 2004).  
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 So, what happens to muscle fibers when there is an excess of GDNF? In 1998 (Nguyen et 

al., 1998)used a mouse model that overexpressed GDNF in muscle fiber leading to a 

hyperinnervation at motor endplates. This was unique because when overexpressing other 

neurotrophic factors, such as NT-3 and NT-4 it did not result in the same hyperinnervation of 

muscle fibers (Nguyen et al., 1998). Keller Peck et al. in 2001 found similar results following 

injections of GDNF, there were multiple axons per one NMJ, as compared to the control. They 

concluded that it was the overexpression of GDNF that caused hyperinnervation because when 

they stopped the injections postnatally after day 10 the number of axons to individual NMJ 

decreased.  

Retrograde Transport of GDNF  

 GDNF in skeletal muscle has shown retrograde transport, even in aging animals 

(Henderson et al., 1994; Nguyen et al., 1998). This follows the neurotrophic factor theory where 

target tissues are providing protection via neurotrophic support (Oppenheim, 1991; Purves et al., 

1998). Upon internalization, GDNF and its receptors becomes confined within signaling 

endosomes which are transported towards the cell body via motor protein (C. Wu et al., 2009; 

Zahavi et al., 2015, 2017). Research has demonstrated that GDNF is subjected to both retrograde 

and anterograde transport. The implications of anterograde transport on the physiological well-

being of MNs remain less explored, necessitating further investigations into its effects (Haase et 

al., 2002; Leitner et al., 1999; Rind & von Bartheld, 2002; Russell et al., 2000; Zahavi et al., 

2015). However, what we know about GDNF and retrograde transport has been shown in the 

following experiments. In 1999 Leitner et al. began studying retrograde transport in vivo of some 

of the members of the GDNF family. This was conducted in the spinal cord of Sprague-Dawley 

using radiolabeled GDNF and neurturin injected into the sciatic region to determine retrograde 
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transport in MNs in the lumbar region by use of autoradiography. When looking at the spinal 

cord of the injected rats the results showed that more radiolabeled GDNF than neurturin was 

located to ventral MNs. This indicated that there are physiological differences in the actions of 

GFLs and that there is retrograde activity from GDNF (Leitner et al., 1999).   

 Zahavi used a microfluidic platform and saw the different effects of GDNF dependent on 

where it was applied, either on cell bodies or muscle cells (2015). This in vitro microfluidic 

platform is a compartmental system that allows for neuronal cell body separation from their 

axons and synapses are quickly becoming a useful tool for researchers (Taylor et al., 2005). It is 

beneficial because it allows researchers to study local versus distal signals, and monitor 

retrograde and anterograde transport (Taylor et al., 2005). When introduced into the soma 

compartment, GDNF triggers the activation of survival pathway signaling through AKT. 

Conversely, when administered to the muscle compartment, GDNF fosters axonal growth at the 

axon tips and the innervation of muscle cells, as indicated by Zahavi et al. in 2015. Additionally, 

GDNF exhibited the capability to be visually traced in a retrograde manner from muscle cells 

back to neurons. 

GDNF and Motor Neuron Protection 

 GDNF is generated and released by skeletal muscle and undergoes a process of binding, 

internalization, and retrograde transportation in both motor and sensory neurons (Yan et al., 

1995). The receptor for GDNF, is present in all spinal cord motor neurons from an early 

developmental stage. This presence significantly impacts the survival, axonal guidance, and 

growth of motor neurons as they age (Trupp et al., 1999; Yan et al., 1995). RET receptors are 

primarily found in presynaptic nerve terminals. Absence of these receptors results in 

underdeveloped presynaptic connections during developmental stages and the subsequent loss of 
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endplates after birth (Baudet et al., 2008). Experimental removal of RET in cranial motor 

neurons underscores its importance in both developmental and postnatal motor neuron survival. 

This removal leads to an ongoing reduction in motor neuron count after birth (Moore et al., 

1996). 

 In comparison to other neurotrophic factors (Henderson et al., 1994; Oppenheim et al., 

2000), GDNF has demonstrated remarkable effectiveness in safeguarding motor neurons against 

programmed cell death. Treatment with GDNF subsequent to motor neuron axotomy not only 

averted cell loss and atrophy compared to untreated cells but also induced significant 

hypertrophy in the injured motor neurons (Oppenheim et al., 1995). Among all the neurotrophic 

factors, GDNF was the only one capable of preserving all of the motor neurons after axotomy. 

This preservation comes with maintenance of normal soma size and the prevention of neuronal 

atrophy (Henderson et al., 1994; Oppenheim et al., 1995; Yan et al., 1995).  

 In 2008, Baudet et al. demonstrated the significance of GDNF-mediated RET signaling in 

both synapse maturation and motor neuron survival. This was observed through experiments 

involving RET-deficient mice, where nearly half of their neuromuscular synapses were found to 

be missing. Furthermore, the absence of RET had a detrimental impact on motor neuron terminal 

sprouting. Numerous additional studies have shown the importance of GDNF/GFRα1/RET 

signaling in the development and maintenance of the NMJ. This has been demonstrated by 

introducing GDNF through injections or overexpression, leading to an augmentation in endplate 

size and an increase in terminal axonal sprouting, which resulted in hyperinnervation of 

endplates (Keller Peck et al., 2001; Nguyen et al., 1998; Zwick et al., 2001).  

 Following synaptic activity, there is an observed elevation in neurotrophic factors that 

potentially contribute to an enhancement in transmission (Schinder & Poo, 2000). The secretion 
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of these neurotrophic factors have been shown to elicit an increase in the release of 

neurotransmitters from presynaptic nerve terminals (Wang & Poo, 1997). Similar outcomes have 

been demonstrated in in vitro experiments, where neurotrophic factors increase in response to 

chronic depolarization in cultured environments (Vianney et al., 2014), as well as in in vivo 

experiments, where neurotrophic factors rise after periods of exercise (Gomez Pinilla et al., 

2002; McCullough et al., 2011; Wehrwein et al., 2002). 

Exercise 

 The National Institute of Health-National Institute of Aging (National Institute of Health, 

n.d.) reports that exercise can improve mental health by reducing feeling of depression or stress, 

increase energy level and improve sleep. Exercise has also been shown to improve brain health, 

decrease risk of disease, strengthen bone and muscle and improve the ability to do everyday 

activities. Cardiovascular disease, Type 2 Diabetes, and some cancers have been shown to 

improve with exercise, as reported by the CDC (Centers for Disease Control and Prevention, 

2022). It is important to exercise during aging as it preserves muscle functionality (Bann et al., 

2015; Drey et al., 2016; Trappe et al., 1996). With aging, exercise can be limited, but it still is an 

effective preventative or intervention plan as reviewed by (Bao et al., 2020). While the physical 

benefits of exercise are known, exercise has been shown to help maintain neurological health as 

well. Exercise has been shown to slow down the degradation effects at the NMJ, where the MNs 

communicate with muscle fibers. A possible explanation could be that there is an increase in 

neurotrophic factor expression in skeletal muscle of exercised individuals when compared to 
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sedentary (Gyorkos & Spitsbergen, 2014; Love et al., 2003; McCullough et al., 2011; 

Mrowczynski, 2019; Stanga et al., 2020).  

Exercise and NMJ 

Different types of exercise, such as endurance exercise (running) (Andonian & Fahim, 

1987; Deschenes et al., 1993) and resistance exercise (weight lifting) (Deschenes et al., 2000) 

have resulted in significant expansion of pre-and post-synaptic components of the NMJ. Exercise 

has also been found to modulate electrophysiological parameters, such as increased quantal 

content (Dorlochter et al., 1991; Fahim, 1997), which indicate that with altered activity structural 

and functional adaptions are linked together. It has also been shown that different types of 

activity had differing effects on pre- and post-synaptic structures of NMJ of motor neurons. 

A study performed by Deschenes et al. in 2006 showed that with exercise pre-synaptic 

features were altered, while post-synaptic structure of the NMJ on skeletal muscle did not. In the 

pre-synaptic apparatus it showed increased length of nerve terminal branching and complexity of 

those branching patterns. This supports the work that was done in that lab previously in 1993 

(Deschenes et al.) and in 2003 (Deschenes & Wilson). They showed that increased staining of 

ACh containing pre-synaptic vesicles corresponded with increased nerve terminal branching. 

This suggests that in order to store more neurotransmitter there must be increased branching to 

deliver neural impulses to those additional vesicles (Deschenes et al., 2006). This seems like a 

likely response as exercise requires an enhanced store of ACh, and between the pre-synaptic 

branch length and ACh containing vesicles, it would make sense that exercised rats would show 

increased branch length and complexity.   
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Exercise and Motor Unit Protection 

 Exercise could potentially be neuroprotective in the central and peripheral nervous 

system. Exercise has been shown to mitigate negative effects of neurogenerative disorders 

including dementia (Buchman et al., 2012; M. Chang et al., 2010; Y. K. Chang et al., 2012; 

Larson et al., 2006; Lewis et al., 2020; Rolland et al., 2007), Alzheimer’s disease (Cui et al., 

2018; De la Rosa et al., 2020; Nation et al., 2011) and Parkinson’s disease (Goodwin et al., 2008; 

Palasz et al., 2019; Real et al., 2017; Sung et al., 2012). This is an exciting possibility as exercise 

could provide a non-invasive and easily accessible treatment to protect against the onset of 

various neuromuscular disabilities and disease.  

 Naturally, the NMJ shows plasticity, and it has been shown that exercise can help 

maintain synapse structure and function as well as improve recovery from injury and reduce 

degenerative changes. Exercise has been shown to increase pre- and post-synaptic element size at 

the NMJ (Deschenes et al., 1993), increase size and degree of branching of presynaptic nerve 

terminals (Andonian & Fahim, 1987), and increase the quanta release of the neurotransmitter, 

acetylcholine (Dorlochter et al., 1991) of aged NMJ.  

 The type of exercise has been shown to make a difference in the neuromuscular function. 

High-intensity exercise, the type that recruits large motor cell bodies, such as resistance training, 

seems to have the biggest effect on neuromuscular function in elderly individuals (Einsiedel & 

Luff, 1994; Gardiner et al., 1984). Resistance training has been shown to increase maximum 

motor neuron firing frequency, rapid muscle force production, fine motor control, central muscle 

activation, muscle cross-section area, and volume in all fiber types and induces the same relative 

gains in anatomical muscle size in both young and old (Aagaard et al., 2010). As this is 

important to how it affects denervation, resistance training and having consistent physical 
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activity have been shown to keep the size of fast twitch myofibers when compared to age-

matched sedentary controls.  

 Fast twitch and slow twitch myofibers have different denervating processes, especially 

when it comes to aging. Slow motor units seem to be retained longer in life when compared to 

fast motor units (Dalton et al., 2008). A potential explanation for the difference between muscle 

fiber types could be how much neurotrophic factor is available to help maintain and protect 

motor units.  

GDNF and Exercise   

 Exercise and GDNF have shown, on their own, to induce similar changes in the 

neuromuscular system. These positive changes include enhancing the maintenance of synapses, 

inducing axonal sprouting, and increasing endplate complexity and size (Andonian & Fahim, 

1987; Deschenes et al., 1993; Keller Peck et al., 2001; Zwick et al., 2001). Exercise has been 

demonstrated to increase levels of GDNF expression within skeletal muscle and the spinal cord 

(McCullough et al., 2011, 2013; Wehrwein et al., 2002), and that GDNF expression depends on 

the type and level of intensity of activity and may depend on if myofiber types are being 

recruited (McCullough et al., 2011; Wehrwein et al., 2002). This was shown by McCullough et 

al. in 2011 when levels of GDNF expression increased in SOL (a predominately slow twitch 

muscle) after low intensity exercise but decreased in the EDL (a predominately fast twitch 

muscle). The run training used in these experiments was categorized as slow speed (10 m/min), 

which may not have been a high enough intensity to recruit the fast twitch myofibers, which 

ultimately resulted in a decrease in GDNF protein content. The other type of exercise training 

that was selected was swimming, which has been shown to recruit fast twitch dorsiflexion more 

than run training due to the higher cycling rate and having to overcome resistance from the water 
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(Gruner & Altman, 1980; Roy et al., 1991). To have recruitment of fast twitch myofibers from 

running that are similar to that of swimming the speed of the treadmill would be ~67m/min (Roy 

et al., 1991).  

Skeletal Muscle Classification 

 In 1966 Bergstrom & Hultman developed a surgical technique that made it possible to get 

human skeletal muscle biopsy samples which were used for histological and biochemical 

analyses. However, physical differences, such as color and length of contraction, were observed 

as early as 1873 by Louis Antoine Ranvier in skeletal muscle of rabbits. In the early 1920’s 

muscle fiber was starting to get categorized as red or white, which was then related to how much 

myoglobin was found within each fiber (Needham, 1926). It was from these early observations 

that gave rise to the classifications of slow-twitch and fast-twitch muscle by way of 

histochemical staining (Engel, 1962). Slow-twitch muscle fibers stained dark, or red, while fast-

twitch muscle fibers stained light or pale.  

Fast-twitch 

Fast-twitch can be broken into two separate categories. Fast twitch IIA (fast-oxidative 

glycolytic) and fast twitch IIX (Fast glycolytic). These categories are based from differential 

myosin heavy chain gene expression (Talbot & Maves, 2016) and sarcomere contractile 

machinery (Tajsharghi, 2008). Fast twitch muscles are used for more powerful and dynamic 

movements, such as lifting heavy weights or quick sprinting movements. For sprinters 80% of 

muscle fiber was fast twitch muscle fiber, and power lifters had 60% more fast twitch fiber 

makeup when compared to endurance athletes (Costill et al., 1976; Widrick et al., 2002). 

Many neuromuscular disorders affect primarily target Type II muscle fibers. For instance, 

in Duchenne muscular dystrophy, Type II fibers are the initial ones to deteriorate (Marini et al., 
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1991; Pedemonte et al., 1999; Webster et al., 1988). In myotonic dystrophy type 2, there is 

atrophy observed in Type II fibers (Pisani et al., 2008; Vihola et al., 2003) Additionally, aging 

and sarcopenia result in Type 2 fiber loss and atrophy, including a reduction in the diameter of 

the remaining Type 2 fibers (Lexell, 1995; Nilwik et al., 2013). Experiments conducted in rat 

models have demonstrated that denervation can induce specific atrophy in particular fiber types, 

depending on the muscle group under examination (Ciciliot et al., 2013). The nature of the 

injury, the muscle group affected, and the time elapsed since the injury or period of rest may all 

exert an influence on how specific muscle fiber types are impacted (Biering-Sorensen et al., 

2009). 

Slow-twitch 

The counterpart to fast-twitch, are slow-twitch muscle fibers. Whereas fast-twitch is used 

for short, powerful bursts of energy, slow-twitch is used more in endurance activities. Long and 

middle distance runners have been shown to have 60-70% slow twitch composition, with has 

high as 90-95% in sports that require the highest aerobic and endurance capacities (Aagaard & 

Andersen, 1998; Bergh et al., 1978; Fry et al., 2003). In slow twitch muscles there’s a higher 

mitochondria volume densities and capillary-fiber contact length (Sullivan & Pittman, 1987).  

Just as certain diseases primarily impact fast-twitch muscle fibers, there are others that 

similarly affect slow-twitch fibers. Examples of such diseases include obesity and type 2 

diabetes, which are associated with reduced proportions of Type 1 muscle fibers (Hickey et al., 

1995; Oberbach et al., 2006; Tanner et al., 2002). Additionally, spinal cord and muscle inactivity 

have been demonstrated to cause atrophy in Type 1 muscle fibers (Gallagher et al., 2005; 

Grimby et al., 1976). This indicates that various muscle diseases don’t stem solely from general 

muscle degeneration but often result from specific defects within the affected tissues.  
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The specificity of how certain diseases impact an individual appears to be linked to the 

proportion or quantity of different muscle fiber types. While it remains unclear why specific 

fibers are more susceptible to those diseases, it’s worth noting that males and females have 

different ratios of fast-twitch to slow-twitch muscle fibers. This difference could potentially 

contribute to variations in disease susceptibility among individuals.  

Motor Neuron 

 Somatic motor neurons have their cell bodies in the central nervous system and project 

their axons to skeletal muscle. There are three different types of somatic motor neurons; alpha, 

beta, and gamma. Alpha motor neurons innervate extrafusal motor fibers and their cell bodies are 

located in the ventral horn of the spinal cord, and will be the focus of this dissertation. The motor 

neuron and all of the muscle fibers that it innervates are called the motor unit. Motor unit 

categories are split into slow, fast fatiguing and fast fatigue-resistant.  

 The different types of motor units innervate different types of muscle fibers. Slow motor 

units stimulate small muscle fibers, which are slow-twitch muscles. This type of muscle is used 

for endurance, as it contracts slowly, using small amounts of energy (Stifani, 2014), which is 

why it is so resistant to fatigue. This muscle type is oxidative which means it uses oxygen and 

characteristically look red. The fast fatigue-resistance motor units are considered to be 

intermediate (Burke et al., 1973), and stimulate moderate-sized muscle fibers which don’t 

contract as quickly as fast-fatiguing motor units. Contraction of fatigue resistant muscle fibers 

can be sustained for much longer than slow motor units, and they can generate more force. In 

fatigue resistant motor units energy is gained from both oxidative and glycolytic pathways. The 

last type of motor unit is fast fatiguing, which consists of the largest fiber size which is used for 

quick powerful actions (Burke et al., 1973; Eccles et al., 1960; Lee & Heckman, 1998; Stifani, 
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2014). This type of motor unit does not require oxygen, but generates energy strictly through 

glycolytic pathways. The muscle fibers have a white appearance because they have low levels of 

hemoglobin that is required for oxidative energy.  

 Multiple distinct signaling pathways contribute to the regulation of skeletal muscle fiber 

type. Among these regulatory pathways are the Ras/mitogen-activated protein kinase (MAPK) 

pathway (Murgia et al., 2000), calcineurin pathway (Chin et al., 1998; Naya et al., 2000), 

calcium-calmodulin-dependent protein kinase IV pathway (H. Wu et al., 2002), and the 

peroxisome proliferator γ coactivator 1 (PGC-1) pathway (J. Lin et al., 2002). The Ras/MAPK 

pathway serves as a vital connection between motor neurons, signaling systems, and processes 

related to excitation and transcription regulation. This connection facilitates the nerve-dependent 

activation of the slow program during muscle regeneration (Murgia et al., 2000). 

Difference Between Male and Female Skeletal Muscle Composition  

Differences between male and female skeletal muscle include energy metabolism, fiber 

type composition, and contractile speed (Esbjornsson et al., 1993; Green et al., 1984; Komi & 

Karlsson, 1978; Kuiper et al., 1996; Liljedahl et al., 1996). Females have a higher percentage of 

slow-twitch muscle fibers when compared to males. Another difference includes males having an 

overall larger muscle size than females. Male skeletal muscle typically have higher maximum 

power output and female muscles are generally more resistant to fatigue and recover faster 

(Fulco et al., 1999; Glenmark et al., 2004; Hakkinen, 1993; Linnamo et al., 1998).  

There is also a difference in mitochondrial structure and function between males and 

females. There are several instances that point to differences in multiple organs and cell types, 

but in particular, hearts from healthy female mice have a higher proportion of large mitochondria 

when compared to males (Dworatzek et al., 2014). Females displayed decreased rate of reactive 
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oxygen species in cardiac and skeletal muscle under stressed conditions compared to males 

(Colom et al., 2007; Kander et al., 2017; Lagranha et al., 2010). Female rats shown higher 

mitochondrial DNA and protein contents in skeletal muscle (Colom et al., 2007). 

While all the mechanisms behind the sex-related difference in skeletal muscle are 

unknown, many of the differences are likely due to the differences in sex hormone levels.  

Estrogen Synthesis and Receptors 

Estrogen is a steroid hormone important to the development and regulation of female 

reproductive changes and secondary sex characteristics (Huether & McCance, 2019). There are 

four known types of estrogen, estrone (E1), estradiol (E2), estriol (E3) and estetrol (E4). Estrone 

(E1) is present during menopause as the predominant circulating estrogen. Estradiol (E2), is the 

predominant estrogen during reproductive years in terms of both absolute serum levels as well as 

estrogenic activity. During pregnancy, estriol (E3) is the most prevalent estrogen type, however, 

estetrol (E4) is also present and is only produced during this period. It may be noted that 

estradiol is ten times more potent than estrone and one hundred times more potent than estriol 

(Labhart, 2012). While forms of estrogen are present in both males and females, there is 

approximately four times the amount of estrogen in females as males. These hormone levels are 

regulated by the negative feedback effect of estrogen on the hypothalamus and pituitary gland 

(Delgado & Lopez-Ojeda, 2022). In females, estrogen is primarily produced by the ovaries 

(Kendall & Eston, 2002) and by the placenta during pregnancy (Marieb, 2013).  

Estrogen synthesis begins with cholesterol in specialized cells in the ovary called theca 

interna cells. Production of estrogens start with the synthesis of pregnenolone from cholesterol, 

which is then converted to progesterone by 3-beta-hydroxysteroid dehydrogenase. The 

progesterone is converted to androgens, which will then be converted to estrogen by aromatase. 
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Once estrogen has been synthesized in the ovary, it enters systemic circulation as either a free 

hormone or bound to sex hormone-binding globulin (SHBG). Steroid hormones readily diffuse 

across the cell membrane and free estrogen, or estrogen bound to sex hormone-binding globulin 

(SHBG), is characterized by unregulated diffusion. The actions of estrogen are mediated by the 

estrogen receptor (ER), a dimeric nuclear protein that binds to DNA and controls gene 

expression. Within the cell cytoplasm, estrogen binds to and activates ERs which modulate the 

expression of many genes (Whitehead & Nussey, 2001). Further, estrogen initiates a 

physiological response from the cell by binding to an alpha-estrogen receptor (ESR1) or a beta-

estrogen receptor (ESR2). This binding forms an activated estrogen-ER complex which enters 

the nucleus to bind nucleotide sequences known as estrogen response elements (ERE). It may be 

noted that the physiological response is dependent upon the presence and the type of ER 

available for binding in the cell. 

As mentioned previously, ERs are synthesized in two protein forms, ESR1 and ESR2, 

which function as transcription factors when bound with their ligand (Mangelsdorf et al., 1995). 

They are found in many different cell types with ESR1 present in the uterus and pituitary gland 

primarily, prostate (stroma), ovary, testes, bone, breast (mammary gland), cervix, vagina, white 

adipose tissue, liver, hypothalamus, and muscle (Hamilton et al., 2017); ESR2 is expressed in the 

colon, prostate (epithelium), testes, salivary glands, bone marrow, central nervous system, 

immune system and vascular endothelium (Couse et al., 1997; J. A. Gustafsson, 2003; Weihua et 

al., 2003). Additionally, estrogen can bind to and activate rapid-signaling membrane estrogen 

receptors (mERs) leading to modulation of intracellular signaling cascades (Soltysik & Czekaj, 

2013) such as GPER (GPR30) (Levin, 2015; Prossnitz et al., 2007). The predominant mechanism 

of estrogen action is through nuclear ER expression in estrogen target organs (Mangelsdorf et al., 
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1995). It should be noted that both ESR1 and ESR2 are both expressed in human skeletal muscle 

at the mRNA level, but ESR2 is only found at the protein level (Wiik et al., 2003). 

Estrogen vs. Estradiol 

Estrogen has widespread systemic benefits which aid in the longer life span of females 

compared to males (Regan & Partridge, 2013). The hormone serves protective roles by 

preventing oxidative stress, which is thought to contribute to longevity in females (Vina et al., 

2006). Additionally, the antioxidant and membrane-stabilizing properties of estrogen prevent 

muscle damage (MacNeil et al., 2011). Estrogen aids in repair and recovery by mitigating 

inflammatory responses, while estradiol affects satellite cell activation and proliferation to 

enhance growth and recovery potential of cells (MacNeil et al., 2011; Tiidus, 2001). Moreover, 

estradiol and age affect myosin function in women (Enns & Tiidus, 2010). The actions of both 

estrogen and insulin-like growth factor 1 (IGF-1) (Lemoine et al., 2002; Sitnick et al., 2006; 

Wiik et al., 2009) are hypothesized to play a role in muscle strength (Longcope, 1998).  

Estrogen and Skeletal Muscle 

Many studies have pointed to estradiol as an important contributor to muscle strength and 

function. For example, Moran et al. (2007) saw significant decrements in the force-generating 

capacity of hind-limb muscles in mice when estradiol was diminished. With estradiol 

replacement, full muscle strength was recovered, suggesting estradiol is an important hormone 

affecting muscle contractile function. These results were consistent when controlling for physical 

and muscular activities of the mice (Greising et al., 2011). Wiik et al. (2005) suggested that 
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ESR1 and ESR2 expression is altered by functional demands on muscle when a study of 

endurance training resulted in increased expression of both receptors in human skeletal muscle.  

In addition to its role in muscle contraction, estradiol also affects antioxidant enzyme 

levels in skeletal muscle (Baltgalvis et al., 2010). Antioxidants enzyme levels and esr1 gene 

expression respond to changes in estradiol levels both acutely and chronically, further supporting 

the influence of estrogen-mediated mechanisms in muscle contractility (Baltgalvis et al., 2010). 

Wise et al. (2001) showed the importance of estradiol synthesis to not only tissues of the central 

nervous system but also to the peripheral nervous system, specifically, the NMJ. A meta-analysis 

performed by Greising et al. (2009) observed greater muscle strength for postmenopausal women 

on estrogen hormone therapy compared to those without treatment, suggesting an important role 

of estrogen in muscle strength.  

Estrogen and Aging Females   

The endocrine system plays a major role in cellular interactions, metabolism, and growth, 

explaining why changes in hormone levels contribute to the aging process. As women go 

through menopause, they exhibit an accelerated decline in muscle mass and strength (Calmels et 

al., 1995; Carville et al., 2006; Cooper et al., 2008; Greeves et al., 1999; Kurina et al., 2004; 

Samson et al., 2000; Skelton et al., 1999). This may be related to the considerable decline in 

estrogen levels, with an average of 80% estrogen loss during the first year of menopause (Cauley 

et al., 1989; Phillips et al., 1993; Vina et al., 2006). This subsequently causes decreased muscle 

function (Lemoine et al., 2003; Sipila, 2003). Specifically, higher endogenous estrogen levels 

have been associated with increased muscle strength and lower rates of fall-related limb fractures 

in 75-year-old women (Sipila, 2003), with age-related losses in muscle strength being implicated 

with declines in estrogen levels (Lowe et al., 2010). However, reviews by Meeuwsen et al. 
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(2000) and Enns & Tiidus (2010) revealed conflicting results on the estrogen-specific effects on 

skeletal muscle. It was demonstrated that the benefits of estradiol on skeletal muscle structure 

and contractile function heavily depended on the species, study type, age, muscle size, and 

muscle fiber type.   

Estrogen may stimulate muscle repair and regenerative processes, however, the 

mechanisms by which it influences processes involved in muscle damage, inflammation, and 

repair require further investigation (Clarkson & Hubal, 2001). One proposed mechanism is that 

estrogen does this by acting as an antioxidant that limits the oxidative damage of muscle (Vina et 

al., 2006). Furthermore, estrogen may act as a membrane stabilizer and govern the regulation of 

downstream genes and molecular targets (Enns & Tiidus, 2010). With age, androgen and 

estrogen levels decrease, causing an associated decline in muscle and bone mass and strength, 

further demonstrating the critical role of these hormones throughout the aging process.   

Estrogen and Aging Males     

Estrogen is produced in men by aromatization, a process by which the limbic system and 

brain tissues convert testosterone into estradiol (Naftolin et al., 1971) and Leydig cells of testis  

(Ryan et al., 1972). Nilsson et al., (2001) first described the expression of both ESR1 and ESR2 

in the testes. It was later confirmed by Cooke et al. (2017) that ESR1 was imperative to the 

function of efferent ducts and epididymal functions. When ESR1 was disrupted, it resulted in 

abnormal sperm due to the loss of ion transport and water reabsorption, ultimately affecting male 

fertility. In addition, ESR1 had nonreproductive effects on targets such as brain, adipose, skeletal 
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muscle, bone, cardiovascular and immune tissues. ESR2, however, primarily influenced 

epithelial differentiation in the prostate and seminiferous epithelium.   

It has been established that estrogens are important regulators of bone health in both men 

and women (Clarke & Khosla, 2010; Vandenput & Ohlsson, 2009). Testosterone levels decline 

with age in men, suggesting a decrease in systemic estrogen levels. However, sufficient levels of 

estrogen may be available locally to bone or skeletal muscle depending on the availability of 

testosterone. For instance, the risk of fracture in aging men is inversely correlated with the 

decreased serum levels of estrogens and androgens with age (Vandenput & Ohlsson, 2009). It 

should be noted that most studies have been conducted on animals rather than humans thus the 

role of estrogen in aging males has not been fully investigated.   

Estrogen and Aging/Menopause   

Estrogen may be an important factor contributing to the sex differences observed in brain 

aging and neurodegeneration (Zarate et al., 2017). Moreover, the neuroprotective actions of 

estrogens are apparent during aging and menopause. The loss of estrogen with menopause is 

associated with mitochondrial dysfunction, neuroinflammation, synaptic decline, cognitive 

impairment, and increased risk of age-related disorders (Zarate et al., 2017).   

Disease susceptibility differs in women depending on whether they are pre- or post-

menopause, possibly due to the loss of estrogen. For example, it is suggested that the higher 

prevalence and greater severity of Alzheimer’s disease (AD) in women is due to the 

postmenopausal reduction in sex steroid hormone concentration (Brann et al., 2007; R. Li & 

Singh, 2014; Tang et al., 1996). The risk of developing Parkinson’s disease (PD) is also 

influenced by estrogen, exhibiting a lower risk in premenopausal versus postmenopausal men 

and women. This may be explained in part by the estrogen-induced inhibition of microglial 
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activation and neuroinflammation system leading to reduced oxidative stress, 

neuroinflammation, and neurodegeneration of dopaminergic neurons in murine models of PD 

(Labandeira-Garcia et al., 2016; Rodriguez-Perez et al., 2010). Taken together, both preclinical 

and clinical data indicate that both aging and menopause lead to increased neuroinflammation, 

which may contribute to sex differences in age-related neurological diseases such as AD and PD 

(Zarate et al., 2017).   

Numerous studies have further shown that pre-menopausal women are protected against 

stroke relative to men. However, stroke incidence increases in women following menopause (Di 

Carlo et al., 2003; Murphy et al., 2004; Niewada et al., 2005; Roquer et al., 2003). Not only does 

the incidence increase post-menopause, but worse outcomes are also observed compared to men, 

resulting in significantly higher disability and fatality rates (Di Carlo et al., 2003; Hochner-

Celnikier et al., 2005; Niewada et al., 2005; Roquer et al., 2003). Women are clearly at a greater 

risk of disease and degeneration post-menopause, highlighting differences in aging between the 

sexes.   

Sex Hormones and Neurosteroidogenesis During Aging  

In addition to the previously discussed processes, neurosteroid synthesis is also affected 

by aging. Steroidogenesis begins with a rate limiting step in which cholesterol is transported 

from the outer to the inner mitochondrial membrane. During each step, various enzymes are 

differentially expressed in neurons and glia in a regional and pathophysiological manner. Under 

normal physiological conditions, neurons are the main sites for brain estrogen production from 

testosterone, relying on the high expression of the enzyme aromatase (Azac-Fonseca et al., 

2016). Therefore, targeting key enzymes involved in brain estrogen production has been 
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proposed as a method to improve brain function during aging and to prevent onset of 

neurodegenerative disease (Veiga et al., 2004).   

Mechanism for Estrogen Neuroprotection  

In various neuropathological conditions such as Alzheimer's disease, Parkinson's disease, 

traumatic brain injury, stroke, and multiple sclerosis, estradiol has demonstrated the ability to 

enhance the expression of genes involved in synaptogenesis, axonal repair, and synaptic 

plasticity, namely Bcl2, TrkB, and cadherin-2 (J. Feng et al., 2013; Khan et al., 2015; Saraceno 

et al., 2018). Moreover, estradiol exhibits neuroprotective effects by combating oxidative stress, 

reducing the production of reactive oxygen species, and thereby safeguarding mitochondrial 

function (Rettberg et al., 2014; Simpkins et al., 2010). Furthermore, estradiol has been observed 

to potentially stimulate the release of neurotrophic factors, including glial cell line-derived 

neurotrophic factor (GDNF), insulin-like growth factor 1 (IGF-1), and brain-derived 

neurotrophic factor (BDNF). These neurotrophic factors play crucial roles in neuronal protection 

and the restoration of damaged neuronal circuits under pathological conditions giving estradiol 

an important role in neuroprotection (Arevalo et al., 2015; Yuan et al., 2019). While we know 

estrogen receptors are present on skeletal muscle, it has not yet been elucidated how GDNF may 

be a downstream target of estrogen.   

Knowledge of cellular mechanisms first included ligand receptor binding, activation, 

direct DNA binding and gene regulation, but has now expanded to non-DNA binding or 

tethering, cellular non-genomic signaling, and receptor mediated non-ligand hormone activities 

(Hewitt et al., 2016). Three major genomic ER-mediated transcriptional regulation mechanisms 

have been characterized primarily for ESR1. First, the classical mechanism involves the direct 

binding of DNA to regulatory elements, leading to an activated estrogen-estrogen receptor 
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complex that can recruit additional factors involved in transcriptional regulation. The second 

mechanism, tethering, occurs when there is indirect binding to transcription factors like AP1 or 

Sp1 binding sites already bound to DNA. Lastly, ligand-independent receptor activation is a 

mechanism proposed to involve altered phosphorylation of sites on the ER protein. This 

regulates gene expression in the absence of ligand through membrane growth factor receptor 

mediated intracellular signaling pathways allowing growth factors to phosphorylate ER 

(Hamilton et al., 2017). Estrogen also binds to and activates membrane ERα or GPR 30, 

introducing the rapid intracellular signaling pathway. Coupling of non-genomic and genomic 

signaling mechanisms may explain the complementation of different cellular signaling pathways, 

eliciting the broad spectrum of responses to estrogen. Studies that have administered estrogen to 

ovariectomized (OVX) mouse uterine tissues showed some gene regulation at intervening 

timepoints, however, most fall within early (within 2 hours of administration) or late (within 12-

24 hours of administration) clusters (Hewitt et al., 2003).  

The two mechanisms include rapid non-genomic effects and genomic effects. Rapid 

effects are believed to possess widespread significance in various diverse cells and processes that 

include vasorelaxation in endothelial cells (S. E. Kim & Rhee, 2015), neuroprotection in 

neuronal cells (Prokai & Simpkins, 2007), prolactin secretion from pituitary tumor cells 

(Watsona et al., 1999), cell cycle stimulation in breast cancer cells (Simpkins et al., 2008), cell 

proliferation and differentiation, bone conservation (Prossnitz & Barton, 2011), and sperm 

motility (Luconi et al., 1999). Furthermore, studies have identified proteins and receptors that 

mediate non-genomic effects of estradiol, indicating the presence of ERs on the plasma 

membrane of neuronal cells in rats (A. Kumar et al., 2018). According to Pedram et al. (2009), 

mice lacking both ESR1 and ESR2 displayed no binding of E2 to the cell membrane or 
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cytoplasm and a failure to activate PI3K signaling pathways. These results were further 

supported by in vitro studies where ESR1 and ESR2 were required for E2 binding in MCF7 

cells, that is, ER-positive breast cancer cells that produce GPR30. Collectively, these findings 

support the importance of ERs in the mediation of estradiol mechanisms.  

Through non-genomic actions, estradiol performs cell-type specific activation of various 

signaling pathways like PLC/protein kinase C, SRC/extracellular activated kinase (ERK), 

phosphatidyl-inositol 3 kinase (PI3K)/Akt, and p38/mitogen activated protein kinase (MAPK) 

(Acconcia & Marino, 2011). According to some studies, estrogen mediates membrane signaling 

through GPER, specifically, GPR30, which causes alteration in calcium influx and cAMP 

signaling (Haas et al., 2009). In a study using ER-negative, GPR30-positive breast cancer cells, 

MAPK/ERK phosphorylation and PI3K/Akt activation were elicited by estradiol, thereby 

suggesting that GPR30 mediates estrogen signaling (Y. Feng & Gregor, 1997). Treatments have 

been shown to be stopped in culture by the inhibition of either the MAPK/ERK or Akt signaling 

pathway (Clark et al., 2014; Kelly & Levin, 2001).   

The second mechanism mediating estradiol actions was originally thought to cause 

genomic effects through ERs acting as ligand-driven transcription factors (O’Malley, 1967). It 

was later discovered that activation and dimerization of ERs is initiated by estradiol binding to 

chaperone-bound, inactive ERs (V. Kumar et al., 1986). Activated ERs then bind to specific 

EREs in the promoter regions of estradiol responsive genes where gene transcription is 

modulated by altering the rate of recruitment of general transcription factors and coregulators 

(Klein-Hitpass et al., 1989). Additionally, estradiol bound ERs can indirectly influence 

transcription, especially genes lacking EREs. It should be noted that this genomic mechanism is 

a slow process, usually taking 12-24 hours for physiological effects to be apparent.   



32 

 

CHAPTER II 

 

 

 

 

 

Voluntary Exercise Increases GDNF Protein Content and Endplate Area in Hindlimb 

Muscle of Male and Female Rats 

Juliana M. VanGyseghem and John M. Spitsbergen 

Department of Biological Sciences, Western Michigan University, Kalamazoo, MI 49008 

John.spitsbergen@wmich.edu 

Office phone: (269) 387-5648 

3443 Wood Hall, Mail Stop 5410 

Department of Biological Sciences 

Western Michigan University 

1903 W Michigan Ave 

Kalamazoo MI 49008-5410 USA 

 

 

 

 

Conflict of interest statement: The authors declare no competing financial interests. 

  

mailto:John.spitsbergen@wmich.edu


33 

 

 

 

Cover letter: 

Males and females differ hormonally and neurologically as they age yet are given the 

same treatment for many neurological diseases. The conceptual advancements from this study 

include comparisons of changes in GDNF content and endplate morphology in response to 

exercise, in male and female rats. The focus of this study was to compare young and old ages as 

well as primarily fast-twitch, plantaris, and primarily slow-twitch, soleus, hindlimb muscles. 

Our significant findings are females had higher levels of GDNF content in both types of 

muscle compared to age-matched males. Exercise impacted GDNF content of skeletal muscle in 

both sexes. Exercise altered endplate morphology in hindlimb muscles in females but not in 

males.  

This study highlights biological sex differences in neuroprotection observed with 

exercise, which may help in the development of novel therapeutic regimens for each sex. 

 

I have read and have abided by the statement of ethical standards for manuscripts 

submitted to Neuroscience, as well as the other statement that all authors have approved the final 

article. 
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Abstract:  

Increased expression of target-derived neurotrophic factors, such as glial cell line-derived 

neurotrophic factor (GDNF), may help protect against the age-related decline in neuromuscular 

function. The purpose of this study was to compare GDNF protein content in male and female rat 

skeletal muscle and investigate morphological changes of the neuromuscular junction (NMJ) 

with age and voluntary exercise. Male and female Sprague-Dawley rats were exercised in 

voluntary running wheels for 2 weeks, 4 weeks, or 6 months. Plantaris (PLA) and soleus (SOL) 

were removed and processed for GDNF protein content in skeletal muscle by an enzyme-linked 

immunosorbent assay. Tissues were bound with α-bungarotoxin to analyze the structure of the 

NMJ. GDNF protein levels were higher in hindlimb skeletal muscles from sedentary females as 

compared to muscle from age-matched males. In SOL muscle of 6-week-old sedentary females 

the GDNF protein concentration (pg/g tissue weight) was 45.75±8.16, which was significantly 

higher than age-matched males at 1.55±0.02. For both sexes, exercised animals had higher 

GDNF protein concentrations in PLA and SOL than their age-matched sedentary counterparts. 

Exercised 12-week-old males had the highest overall GDNF protein concentration of 

98.20±1.36. Endplate area increased with sedentary aging for both sexes. There was no 

difference in endplate dispersion with sedentary aging in male rats. However, in female rats, 

endplate dispersion increased with sedentary aging. The results indicate that there are sex 

differences in levels of GDNF expression. Because GDNF concentration is higher in female rats, 

this may explain why females are more protected against diseases with a neurological 

component. 

Keywords: neuromuscular junction, endplate morphology 

 

Significance statement: Aging is associated with a decline in structure and function at the 

neuromuscular junction, which may be explained in part by a reduction in neurotrophic factor 

expression with age. It has been suggested that increased expression of target-derived 

neurotrophic factors, such as glial cell line-derived neurotrophic factor (GDNF), may help 

protect against the age-related decline in neuromuscular function. Although males and females 

are often treated similarly, it has been shown that premenopausal women display lower incidence 

and severity of neurological disease compared to men of the same age. Results of previous 
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studies have shown that exercise can increase GDNF levels in skeletal muscle from male rats; 

however, little is known concerning the impact of exercise on GDNF expression in skeletal 

muscle from female rats. 
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Introduction:  

Sex differences in skeletal muscle structure and function: There are anatomical and 

physiological differences in skeletal muscle between males and females, including differences in 

the size of skeletal muscle fibers (Glenmark et al., 2004) with males showing a significantly 

larger cross-sectional area compared to females (Simoneau & Bouchard, 1989; Staron et al., 

2000). Additionally, there are differences in the composition of fast-twitch (Type II) versus 

slow-twitch (Type I) muscles in males and females (Haizlip et al., 2015) where females have a 

higher percentage of slow-twitch muscles than males. Females also tend to recover more quickly 

than males from fatigue and have higher endurance (Laurent et al., 2010), and it is suggested that 

this shorter recovery time may be due to the higher number of Type I skeletal muscle fibers in 

females.  

 

Sex differences in response to exercise: There are also differences in how males and females 

recover after exercise and muscle damage. The presence of creatine kinase (CK) in the 

bloodstream is an indicator of damaged muscle, and studies have shown that levels of this 

marker were significantly higher after exercise and skeletal muscle injury in male rats than in 

female rats (Amelink et al., 1990; Amelink & Bar, 1986; Bar et al., 1988). However, the levels of 

CK, as a response to injury, are the same for ovariectomized female rats as for male rats, 

suggesting that estrogen plays a role in the prevention of and recovery from muscle damage.  

 

Exercise and Glial cell line-derived neurotrophic factor production: Neurotrophic factors are 

a family of biomolecules that support the growth, survival, and differentiation of both developing 

and mature neurons, and play a role in maintaining skeletal muscle health. GDNF plays a 

versatile role in many cell and tissue types, including skeletal muscle, Schwann cells, and motor 

neuron axons, cell bodies, and synapses (Henderson et al., 1994; Nguyen et al., 1998; Nosrat et 

al., 1996; Springer et al., 1994, 1995; Suter-Crazzolara & Unsicker, 1994; Suzuki et al., 1998; 

Trupp et al., 1995). GDNF has been shown to save somatic motor neurons from naturally 

occurring cell death (Oppenheim et al., 2000), and axotomy-induced cell death (Oppenheim et 

al., 1995), and protects motor neurons from chronic degeneration (Corse et al., 1999). Exercise 

has been linked to increased glial cell line-derived neurotrophic factor (GDNF) protein 

concentrations in skeletal muscle (Wehrwein et al., 2002). 
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Different modalities of exercise appear to have differential effects on GDNF expression 

in muscles of different phenotypes. For example, low-intensity exercise led to an increase in 

GDNF in the SOL, a predominately slow-twitch muscle, while decreasing GDNF content in 

EDL, a predominantly fast-twitch muscle (McCullough et al., 2011). By increasing the intensity 

of exercise, by using running wheels with added resistance, fast-twitch muscles showed clear 

evidence of recruitment (hypertrophy) and increased GDNF content (Gyorkos et al., 2014).  

Even without considering the effects of exercise, simply the age of the individual affects 

levels of GDNF expression (Cintron-Colon & Spitsbergen, 2019). Studies have shown that both 

an increased loss of somatic motor neurons (Jacob, 1998; Johnson et al., 1999) and a decrease in 

neural plasticity (Johnson et al., 1999) with increased age. While the complete mechanism for 

the loss of skeletal muscle with age is unknown, it has been suggested that a decrease in 

neurotropic signaling could be a contributing factor (Bergman et al., 1999). Yet, with all these 

interesting findings of the beneficial effects of exercise on the neuromuscular apparatus, little is 

still known about the difference between males and females at the cellular level, and the 

neurotrophic mechanisms that are altered or regulated differently in each sex. 

 

Hypotheses: The purpose of this study is to examine the effect of age and exercise on GDNF 

content and endplate morphology in skeletal muscles from male and female rats. Our hypothesis 

is that levels of GDNF protein expression in skeletal muscle will be higher in young female rats 

than in age-matched male rats. We also hypothesize that exercise will cause a greater increase in 

skeletal muscle GDNF protein content in females compared to males.   

Experimental Procedures: 

Methods and Materials 

Subjects  

All animal experiments were performed in accordance with the “Guide for the Care and Use of 

Laboratory Animals” (National Research Council) and protocols were approved by the 

Institutional Animal Care and Use Committee at Western Michigan University. Male and female 

Sprague-Dawley rats were purchased from Charles River (Wilmington, MA). Male and female 



38 

 

rats were acquired at different times, so they were not housed together. Female rats were 

acquired at 4 weeks of age, 8 weeks of age, and 52 weeks of age. Male rats were acquired at 4 

weeks of age and 8 weeks of age. All rats were considered pre-puberty at 6 weeks of age and 

younger and adolescent at 8-12 weeks of age (Sengupta, 2013). Females at 52 and 78 weeks of 

age were considered to be aged as they are going through reproductive senescence. Animals 

were acquired and acclimated to their environment before testing began. Rats in each age group 

were randomly separated into a sedentary group, which were maintained in cages without access 

to running wheels (n=6), and an exercise group which had access to running wheels (n=6). 

Animals were exposed to a 12-hour light/dark cycle and had access to food and water ad libitum.  

Voluntary Exercise Protocol  

Voluntary exercise protocols lasted for a two-week period, four-week period, or six-month period. 

All the animals completed the entire duration of the study. All rats were housed in clear 

polycarbonate living chambers (19” x 10.5” x 8”). The running wheels (Lafayette Instruments, 

Lafayette, IN) were attached to the living chambers and were freely accessible at all times 

throughout the study. Voluntary exercise was chosen as the training type because it has been shown 

that rats are internally motivated and do not need external stimuli to induce running (Legerlotz et 

al., 2008; Sherwin, 1998). Sensors were placed on the running wheel where a computer recorded 

the distance run and running speed using software from Lafayette Instruments.  

Tissue Collection and Processing  

Following completion of exercise training protocols, exercised and sedentary rats were weighed 

and euthanized (CO2 asphyxiation, followed by thoracotomy) and the predominately slow-twitch 

SOL and predominantly fast-twitch PLA muscles were removed. 

The PLA and SOL muscles of the right side were frozen at resting length, stored at -80 °C, 

and later processed for analysis for endplate morphology. The PLA and SOL muscles from the left 

side were processed for GDNF protein content analysis via ELISA. Each muscle was weighed, 

dipped in liquid nitrogen, smashed into a fine powder, and homogenized with sample processing 

buffer (0.55 mol/L NaCl, 0.02 mol/L NaH2PO4, 0.08 mol/L Na2HPO4, 2 mmol/L 

ethylenediaminetetraacetic acid, 0.1 mmol/L benzethonium chloride, 2 mmol/L benzamidine, 20 
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KIU/mL aprotinin, 0.5% bovine serum albumin (BSA), and 0.05% Tween-20). Homogenates were 

centrifuged and supernatants were collected and stored at -80 °C until ready for analysis.  

Enzyme-Linked Immunosorbent Assays (ELISAs)  

To determine the concentration of GDNF protein in SOL and PLA muscles ELISAs were run 

according to the manufacturer’s (R&D System, Minneapolis, MN) specifications. Briefly, a 96-

well plate was bound overnight with monoclonal anti-GDNF antibody (primary antibody) 

overnight. The plate was then washed and blocked with BSA. A series of standards were made in 

sample processing buffer and added to the top of the plate to create a standard curve. Study samples 

were then added to the remainder of the plate. After incubation, plates were washed and secondary 

antibody (biotinylated anti-GDNF) was added and incubated overnight. The plate was washed, 

and horseradish peroxidase conjugated to streptavidin (Pierce, Rockford, IL) was added. The plate 

was washed again before adding tetramethylbenzidine color reagent (Sigma). The reaction was 

stopped using 0.1 M HCl, and absorbance was measured at 450 nm.  

Morphological Analysis of Neuromuscular Junction  

The SOL and PLA muscles taken from the right side of the body were used for imaging. These 

were embedded in optimum cutting temperature compound (Sakura Finetek, Torrance, CA) and 

sectioned using a Leica Cryostat. All sections were thaw-mounted on HistoBond Microscope 

Slides (VWR; 195 International, Bridgeport, NJ, USA), vacuum sealed, and stored overnight at 

4 °C.  

Rat muscle was sectioned longitudinally (50 µm) and fixed in 4% paraformaldehyde at 

room temperature for 1 hour, washed in phosphate-buffered saline (PBS) (3 x 5 minutes), and 

incubated in buffer containing 10% donkey serum, 4% BSA, 0.5% Triton X-100 in PBS for 

30 minutes, in a humidified chamber, at room temperature. α-bungarotoxin conjugated to 

AlexaFluor488 (Invitrogen B13422 diluted 1:200) was used to visualize endplate receptors. Slides 

were washed the next day in PBS and prepared in PBS:Glycerol (1:1) and a glass coverslip for 

microscopy. Slides were viewed by use of a Nikon Eclipse E750 confocal microscope.  
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Images from fifty random endplates were captured for SOL and PLA muscles using confocal 

microscopy. Each endplate was visually analyzed to make sure that it was within the longitudinal 

border of the myofiber before being scanned and stored. Each endplate was analyzed using Image 

J software as previously described (Deschenes et al., 2006). Saturation threshold, dispersion, and 

box area computation were performed as previously described (Gyorkos & Spitsbergen, 2014). 

Briefly, dispersion of endplates was measured by inverse bean-to-box ratio. The box was drawn 

so that the endplate was inscribed within the box. The bean was drawn so that it traced the 

perimeter of the endplate. The ratio between the two is a metric of how well the box represents the 

bean, or of how much of the box is taken up by the bean. Having a lower bean-to-box ratio indicates 

a higher degree of dispersion. 
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Statistical Analysis  

All data were reported as the mean ± standard error of the mean (SEM). Data were analyzed using 

a two-way analysis of variance (ANOVA) and Tukey’s post-hoc test to assess statistical 

significance between different groups. Differences were considered statistically significant at 

p<0.05. Where appropriate data was fit with a linear regression and correlation and variance were 

determined.  

Results 

Distance Run by Male and Female Rats: Animals were given voluntary access to running wheels 

where distance was recorded via software on a computer. During the course of the exercise 

program, there was no difference observed in the distance run by age-matched male rats compared 

to female rats. The 4–6-week-old female rats ran 38,200 m ±8,500 m/week, 8–12-week-old 

females ran 58,000 m±9,000 m/week and 52-78 week-old females ran 4,700 m±1,000 m/week. 

The distance run by 8–12-week-old females was greater than that run by 52-78 week-old females.   

The 4-6 week-old male rats ran 22,000 m±7,000 m/week and the 8-12 week-old males ran 

104,000 m±42,000 m/week. The distance run by the 8-12 week-old male rats was greater than that 

run by the 4-6 week-old males.   

Animal Body Weight and Muscle Weight: The animal’s body weight and relative muscle weight 

were measured in order to determine any changes with age and exercise. Both male and female 

sedentary rats grew at the expected rates for their age range between 4 and 12 weeks of age. 

Exercised young male rats (4-6 week-old) did not show any difference in body weight after two 

weeks of voluntary running, but adolescent male rats (8-12 week-old) did show a decrease in body 

weight when compared to sedentary male controls at the same age. In female rats, there was no 

effect of exercise on body weight. 

Relative muscle weights (g) were examined to determine if exercise had differential 

effects on the primarily slow phenotype SOL compared to the primarily fast phenotype PLA 

muscles. In male rats, exercise had no effect on the relative weight of SOL muscle between 4 and 

6 weeks of age. However, relative weight was higher in exercised versus sedentary for male rates 
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between 8 and 12 weeks of age (0.514±0.023 and 0.424±0.017, respectively). In male rats 

exercise had no effect on relative tissue weight in PLA. In female rats, relative weight of SOL 

muscle was higher in 4-6 week-old exercised versus sedentary female rats (0.670±0.011 and 

0.519±0.042, respectively). Exercise had no effect on relative weight in 8-12 week-old female 

rats but increased weight in exercised 52-78 week-old female rats when compared to age-

matched sedentary (0.587±0.04  and 0.403±0.03, respectively). In female rats, exercise had no 

effect on relative muscle weight in 4-6 week-old, and 8-12 week-old PLA. However, relative 

weight of PLA muscle was higher in exercised versus sedentary with exercise 52-78 females rats 

(1.142±0.05 and 0.934±0.057, respectively). 

Effects of Sedentary Aging on GDNF Content of Skeletal Muscle: SOL (slow-twitch) and 

PLA (fast-twitch) were used for GDNF protein quantification in both male and female rats. In 

Figure 1: Effects of exercise on GDNF protein content in SOL muscle of male and female rats. GDNF protein concentration 
was determined by ELISA. Panel A: GDNF concentration (pg/g tissue weight) in SOL muscle with sedentary aging. GDNF 
protein concentration is higher in SOL muscle from 4- and 6-week-old sedentary female rats compared to that in age-
matched males. Panel B: Effects of exercise on SOL GDNF concentration in 4–6-week-old animals. Exercised 6-week-old 
females had higher GDNF protein concentration compared to age-matched males. Panel C: Effects of exercise on SOL 
GDNF concentration in 8–12-week-old animals. GDNF protein concentration is greater in 12-week-old exercised males and 
females compared to age-matched sedentary controls. Asterisk (*) indicates a significant difference (p<0.05). 
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male rats GDNF protein content of SOL (Figure 1) and PLA (Figure 2) showed no difference 

with sedentary aging.  

In females there was a decline in GDNF content of SOL at 8 and 12 weeks of age when 

compared to levels measured at 4 weeks of age (Figure 1). In female rats, the content of GDNF 

in PLA remained the same with sedentary aging (Figure 2). In older female rats (52-78 week-

old) GDNF protein content was below levels of detection in sedentary and exercised females 

which is why data for those time points are not shown on the graphs  

In 4-week-old sedentary females GDNF protein content was higher in the SOL muscle 

(31.84± 5.68 pg/g tissue weight) when compared to age-matched sedentary males (1.85 ± 1.29 

pg/g tissue weight). Similarly, the GDNF protein content of 6-week-old sedentary female 

(45.75± 15.85 pg/g tissue weight) was also higher than sedentary age-matched males (1.55± 0.80 

pg/g tissue weight). There was no difference in GDNF levels in 8–12-week-old female rats 

compared to age-matched males.  

Although there were no differences in the levels of GDNF content in the PLA between 

different ages of the same-sex populations, there were differences when males and females were 

compared to each other. Overall, GDNF protein content was higher in female PLA than in male 

PLA across all ages. Specifically, there was higher levels of GDNF protein content in 4-week-

old sedentary females than in sedentary males of the same age. At 12 weeks, there were higher 

levels of GDNF protein concentration in sedentary females than in sedentary males. (Figure 2) 
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Effect of Exercise on GDNF Content of Skeletal Muscle 

In male rats exercise increased GDNF protein content of the SOL and PLA muscle in 12-

week-old rats when compared to sedentary. However, in female rats exercised increased GDNF 

protein content of the SOL and PLA muscle at both 6 and 12 weeks of age when compared to 

age-matched sedentary.  

There was no difference in GDNF concentration in the SOL of 6-week-old exercised 

male and female rats when compared to age-matched sedentary controls of the same sex. 

However, four weeks of voluntary exercise over the 8–12-week-old age range led to an increase 

in GDNF protein concentration in the SOL of both male and female rats (Figure 1). 

Figure 2: Effects of exercise on GDNF protein content in PLA of male and female rats. GDNF protein concentration was 
determined by ELISA. Panel A: GDNF concentration (pg/g tissue weight) in PLA muscle with sedentary aging. In female 
rats, GDNF protein concentration in 4 and 12 week-old sedentary is higher compared to age-matched males. Panel B: 
Effects of exercise on PLA GDNF concentration in 4-6 week-old animals. Exercised 6 week old female rats had higher 
concentrations of GDNF compared to age-matched sedentary female and exercised 6 week males. Panel C: Effects of 
exercise on PLA GDNF concentration in 8-12 week-old animals. Exercised 12 week-old female rats had higher GDNF 
concentration when compared to age-matched sedentary. Exercised male rats showed higher GDNF concentration 
when compared to age-matched males and age-matched exercised females.  Asterisk (*) indicates a significant 
difference (p<0.05). 
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Within the 4-6-week-old age range, GDNF protein concentration in the SOL was about 

300% higher in female rats than in their age-matched male counterparts for both sedentary and 

exercised groups. 

There were increases in the level of GDNF protein content in the PLA of 12-week-old 

exercised males when compared to age-matched sedentary male rats. Likewise, there were 

increases in GDNF concentration in the PLA of the 6-week-old and 12-week-old exercised 

females when compared to age-matched sedentary female rats. Among exercised female rats, 

there was a trend toward higher levels of GDNF protein content in the PLA when compared to 

the GDNF content in the PLA of age-matched males (Figure 2). 

Effects of Sedentary Aging on Endplate Dispersion 

Endplate size and dispersion varied with age in the sedentary male rats. In 4-week-old 

sedentary males, the SOL contained smaller and less disperse endplates compared to those 

observed 12-week-old males (Figure 3). In males, endplates had the highest degree of dispersion 

in SOL muscle at 6-weeks of age. Endplate dispersion did not increase in the SOL of the older 

time points of sedentary males in comparison to the level of dispersion in the SOL of the 6-

week-old sedentary male rats (Figure 5). 

12-week female soleus 

Figure 3: Endplate morphology in SOL from sedentary female rats. Acetylcholine receptors at the neuromuscular junction were 
visualized using α-bungarotoxin. Images were captured using Nikon Eclipse Confocal Microscope and were analyzed using the 
software ImageJ. 

4-week female soleus    78-week female soleus 
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In males, there was no difference between endplate dispersion in the PLA of 4-week-old 

and 12-week-old sedentary rats (Figure 7). However, the endplates were more dispersed in the 

PLA of 6-week-old sedentary male rats when compared to the 4-week-old sedentary males 

(Figure 7).  

In female rats, with sedentary aging there were similar trends in changes seen in endplate 

size and dispersion. The endplates were generally smaller with less dispersion in the SOL of 4-

week-olds, as compared to the larger and more disperse endplates in the SOL of 12-week-old 

sedentary female rats. While the endplates were expectedly larger and it should be noted that 

there was a higher degree of dispersion in the SOL of sedentary 78-week-old females (Figure 5). 

The endplates were 30% more dispersed in the SOL of 78-week-old sedentary females 

(0.115±0.01) compared to the level of dispersion seen in the SOL of 4-week-old sedentary 

females (0.42±0.01) 

In females, the level of endplate dispersion increased in the PLA of aging rats. There was 

no difference in the level of endplate dispersion in the PLA of 4-week-old sedentary females 

(0.48±0.01) compared to 6-week-old sedentary females (0.47±0.01). However, there was a 

difference in levels of endplate dispersion when comparing the 4-week-old sedentary females to 

all other older time points above 6 weeks of age. In sedentary females, endplate dispersion was 

the highest at 52 weeks of age (0.22±0.01). The level of endplate dispersion seemed to have 

become less fragmented in the PLA of the 78-week-old sedentary females (0.36±0.01) and was 

similar to the levels of endplate dispersion in the PLA of the 12-week-old sedentary females 

(0.35±0.01). However, the degree of dispersion was similar in the PLA between 4-week, 12-

week and 78-week old sedentary females (Figure 7). 

Effects of Sedentary Aging on Endplate Area 

In males, endplate area in SOL (Figure 4) and PLA (Figure 6) muscle from 8-, 12-week-

old male sedentary rats, was greater than that in 4-week-old rats. Interestingly, the endplate area 

was found to increase in the SOL of sedentary 4-week-old females to 12 weeks of age. However, 

endplate area decreased in the SOL of 78-week-old sedentary females (Figure 4). Endplate area 

increased in the PLA of 12-week-old (163.77±17.96) sedentary males compared to the endplate 

area in the PLA of 4-week-old sedentary males (96.34±5.23). The endplate area in the PLA of 
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older sedentary females was larger at all time points in comparison to the 4-week-old sedentary 

females (Figure 6).  

 

  

Figure 4: Effects of exercise on endplate area in SOL muscle of male and female rats. Acetylcholine receptors at the 
neuromuscular junction were visualized using α-bungarotoxin. Images were captured using Nikon Eclipse Confocal Microscope 
and were analyzed using the software ImageJ. Panel A: Changes in endplate area in SOL muscle with sedentary aging. The 
results show that there was an increase in endplate area in male sedentary SOL when comparing 4 week-old to all other time 
points. In female sedentary SOL, the average area of the endplate increased from 4 weeks to 52 weeks of age, with a decrease 
at 78 weeks. Panel B: Effects of exercise on SOL endplate area from ages 4-6 week-old. There was an increase in exercised 6-
week-old males and females when compared to age-matched sedentary. Panel C: Effects of exercise on SOL endplate area 
from ages 8-12 week-old animals. Exercise increased endplate area in 12 week female SOL when compared to age-matched 
sedentary. Panel D: Effects of exercise on female endplate area from ages 52-78 weeks of age. Exercise increased endplate 
area at 78 weeks of age when compared to age-matched sedentary. Asterisk (*) indicates a significant difference (p<0.05). 
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Effects of Exercise on Endplate Dispersion 

In males, exercise had no effect on levels of endplate dispersion when compared to the 

level of dispersion in the SOL (Figure 5) and PLA (Figure 7) of sedentary age-matched males. 

However, exercise had an effect on the level of endplate dispersion when compared to the 

endplate dispersion visualized in the SOL of age-matched sedentary females. At 6 weeks of age, 

the endplates were less dispersed in the exercised females compared to the level of dispersion 

seen in sedentary females of the same age (Figure 5). At 78 weeks of age, the endplates were 

also less dispersed in the exercised females compared to the more dispersed endplates visualized 

in the sedentary females. Exercise in 78-week-old females restored endplate dispersion 

(0.21±0.01) to levels observed in sedentary female rats at 52 weeks of age (0.21±0.01). The 

levels of endplate dispersion were higher in the PLA of 12-week-old, exercised females 

(0.43±0.02) compared to the level of dispersion in the PLA of 12-week-old sedentary females 

(0.35±0.01). As expected, the levels of endplate dispersion were also higher in the PLA of 

Figure 5: Effects of exercise on endplate dispersion in SOL muscle of male and female rats. The box is 
drawn so that the endplate is inscribed within the box. The bean is drawn so that it traces the perimeter 
of the endplate. The ratio between the two is an inverse metric of endplate dispersion. Having a lower 
bean-to-box ratio indicates a higher degree of dispersion. However, Y axis is just dispersion so a taller bar 
means a higher dispersion. Images were captured using Nikon Eclipse Confocal Microscope and were 
analyzed using the software ImageJ.  Panel A: Changes in endplate dispersion in SOL muscle with aging. In 
sedentary aging in female, dispersion was significant when compared to 4-weeks of age across all ages. 
Panel B: Effects of exercise on SOL dispersion on 4-6 week-old male and females. Panel C: Effects of 
exercise on SOL dispersion for 8-12 week-old male and females. Panel D: Effects of exercise on SOL 
dispersion for 52-78 wee-old females.  Exercise decreased endplate dispersion in SOL from 6- and 78-
week-old female rats 

Exercise had no impact on endplate dispersion in male SOL. 

Asterisk (*) indicates a significant difference (p<0.05). 
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78-week-old, exercised females (0.41±0.01) when compared to the levels of endplate dispersion 

in the PLA of age-matched sedentary females (0.37±0.01). Furthermore, the levels of endplate 

dispersion in the PLA of 78-week-old exercised females (0.41±0.01) were similar to the levels of 

endplate dispersion seen in the PLA of 8-week-old sedentary females (0.42±0.02). 

Effects of Exercise on Endplate Area 

In male rats, exercise increased the area of endplates in SOL between 4 and 6 weeks of 

age, but not between 8 and 12 weeks of age (Figure 4). The endplate area in the PLA of 6-week-

old, exercised males was larger (404.05±25.4) when compared to the endplate area in age-

matched sedentary male rats (142.83±9.06). In female rats, exercise increased the area of 

endplates in SOL between 4 and 6 weeks of age, 8 and 12 weeks of age and 52 and 78 weeks of 

age (Figure 4). The endplate area in the PLA of 12-week-old, exercised females was larger 

(221.32±12.98) when compared to the endplate area in age-matched sedentary females 

(130.00±8.00).  

 

Figure 6: Effects of exercise on endplate area in PLA muscle of male and female rats. Tissues were bound with α-
bungarotoxin staining of acetylcholine receptors in the neuromuscular junction to visualize endplates. Images captured by 
Nikon Eclipse Confocal and calculations and measurements were performed using the software ImageJ. Panel A: Changes in 
endplate area in PLA muscle with sedentary aging. There was an increase in male and female endplate area when 
comparing 4 weeks of age to all other time points. Panel B: Effects of exercise on PLA endplate area on 4-6 weeks of age. 
There was an increase in exercised 6-week-old males when compared to age-matched sedentary. Panel C: Effects of 
exercise on PLA endplate area in 8-12 week-old animals. In exercised 12-week-old females endplate area was higher when 
compared to age-matched sedentary. Panel D: Effects of exercise on PLA endplate area in 52-78 week-old females. 
Exercised 78-week-old females have higher endplate area when compared to age-matched sedentary. Asterisk (*) indicates 
a significant difference (p<0.05). 
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Figure 7: Effects of exercise on endplate dispersion in PLA muscle of male and female rats. The box is drawn so that the 
endplate is inscribed within the box. The bean is drawn so that it traces the perimeter of the endplate. The ratio between 
the two is an inverse metric of endplate dispersion. Having a lower bean-to-box ratio indicates a higher degree of 
dispersion. However, Y axis is just dispersion, so a taller bar means a higher dispersion. Images were captured using Nikon 
Eclipse Confocal Microscope and were analyzed using the software ImageJ. Asterisk (*) indicates a significant difference 
(p<0.05) when compared to 4 week-old. Panel A: Changes in endplate dispersion in PLA muscle with aging male and female 
rats. Sedentary male 6-week-old was the only significant age when compared to the 4-week control. There was not a 
significant change in female endplate dispersion from 4 week to 6-week of age but was significant in all other comparisons. 
Panel B: Effects of exercise on endplate dispersion in PLA in 4-6 week-old male and females. Panel C: Effects of exercise on 
endplate dispersion in 8-12 week-old male and females. Exercise decreased endplate dispersion in PLA in 12-week-old-
female rats. Pound sign (#) indicates a significant difference (p<0.05) when comparing sedentary to exercise. Panel D: Effects 
of exercise on endplate dispersion in PLA in 52-78 week-old females.  

Exercise had no impact on endplate dispersion in male PLA 
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GDNF Protein Content Correlates with Endplate Area in SOL Muscle from Male and 

Female Rats 

Correlation statistics were run to determine if a relationship exists between GDNF protein 

content and endplate area. A relationship exists between GDNF protein content and endplate area 

in SOL of sedentary male and female rats. (Figure 8).  
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Figure 8: Correlation between GDNF levels and total endplate area in SOL muscle of male and female rats. Levels of GDNF (pg/ g 
of tissue weight) were positively correlated with endplate measurements for total area. Male SOL (r=0.57, p<0.24, n=6) and 
female SOL (r=0.83, p<0.05, n=6). 
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Discussion 

The purpose of this study was to investigate the effects of voluntary exercise on GDNF protein 

content and endplate morphology in male and female rats at different ages. The results of our 

study show that exercise increased GDNF protein content for both males and females when 

compared to age-matched sedentary rats. The results also show that females have a higher 

concentration of GDNF protein content when compared to males of the same age. In females, 

exercise played a significant role in changes in endplate morphology in SOL. The changes in 

endplate morphology in SOL and the positive correlation observed with GDNF may suggest a 

role for GDNF in the changes observed.   

Our results show that there are morphological changes in the NMJ in females with 

sedentary aging. Some of those changes include larger endplate area and increased degree of 

dispersion, which suggests neuromuscular junction deterioration with age (Campbell et al., 1973; 

Fling et al., 2009). Because there are fewer motor units as one ages (Campbell et al., 1973; 

Tomlinson & Irving, 1977) and older motor neurons show signs of deterioration  (Hepple & 

Rice, 2016), it would likely mean that there is less communication with target muscles 

(Deschenes, 2011; Hepple & Rice, 2016). We observed such changes in the area of endplates of 

younger female rats as it was more dense but increased with age. We believe the area is smaller 

because their nervous system is not yet fully formed. At 12 weeks of age, we see more of the 

classic pretzel-like shape of endplates, when they are more sexually mature. Older female rats 

displayed the greatest endplate area and dispersion, suggesting that there are negative impacts of 

sedentary aging on the somatic nervous system. 

With increased endplate dispersion observed during sedentary aging, we wondered if 

there were ways to mitigate those changes. It has been shown by (Valdez et al., 2010) that the 

increase in endplate dispersion was significantly attenuated by caloric restriction and exercise. 

Our results demonstrate that exercise helps maintain SOL endplate morphology and prevent 

dispersion in older females, whereas exercised 78-week-old females displayed dispersion similar 

to that seen in 52-week-old sedentary females. We saw similar trends in 78-week-old female 

PLA, where endplate dispersion was restored to levels seen in younger 8-week-old animals. This 

suggests exercise as a mechanism to slow or reverse the negative effect of aging on endplate 

structure.  
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As far as we know this is the first study to look at GDNF protein concentration in female 

rats. It was a novel result to see that females had higher levels of GDNF protein content than 

age-matched males, which supported our hypothesis. GDNF has also been shown to mitigate 

negative age-related changes in the nervous system ((Nguyen et al., 1998; Sariola & Saarma, 

2003; ). GDNF levels were below the detection limit for the ELISA in older sedentary male and 

female rats, suggesting that GDNF protein levels decrease with aging. Lower levels of GDNF in 

aging animals, could contribute to the morphological changes observed at the endplate. This may 

also suggest a need for GDNF expression in younger animals, to support the growing nervous 

system, and a smaller role for trophic factors in older animals. Higher levels of GDNF, as seen in 

the younger female rats, may also help explain why pre-menopausal females show lower 

incidences of neurological disease when compared to age-matched males (Hanamsagar & Bilbo, 

2016). 

Our results show that GDNF expression is different in muscle from females compared to 

males. We then asked what may be responsible for these differences. Different hormones have 

been shown to drive different sexes to move more (Chasland et al., 2021), however, we did not 

see evidence of that being a reason for differences between male and female in our study. 

Younger females had higher levels of GDNF when compared to young males, even though there 

was not a difference in the amount that they moved. Another possible explanation for the 

observed differences in GDNF levels between the sexes could be the different growth rates, both 

body weight and relative muscle weight. At 4 weeks of age there was no difference in body 

weight between males and females, despite levels of GDNF being higher in females. This 

suggests that differences in body weight or relative muscle weight are not the driving force for 

the different concentration of GDNF between the sexes.  

Exercise is commonly used as an intervention for weight loss (Swift et al., 2013), and to 

reduce the loss of muscle mass and strength as one ages (Chen et al., 2017). Our results showed 

no effect of exercise on body mass in female rats at 4-6 weeks of age; however, exercise 

increased skeletal muscle GDNF content at this age.  This suggests that exercise may not have a 

large impact on body mass until sexual maturity (after 12 weeks of age), yet still can increase 

skeletal muscle GDNF content in females. This was seen in young, sexually mature rats (12 

weeks of age) as exercise did increase in body mass 12-week-old when compared to age-
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matched males. We saw the highest concentration levels of GDNF with exercise, in SOL and 

PLA after puberty, when compared to pre-pubescent ages. This was most obvious at 12 weeks of 

age as exercised male rats had the highest overall concentration of GDNF protein content. It was 

at this age that males had more GDNF protein content than females, which had not been the case 

in pre-pubescent sedentary and exercised rats.  

We are aware that in comparison to males of the same age group, females tend to have a 

lower proportion of fast-twitch muscle fibers (Haizlip et al., 2015). Among sedentary males, 

there was no significant difference in endplate dispersion within the PLA and SOL muscles. 

However, in females, endplate dispersion increased in both of these muscles. This discrepancy 

suggests that the dispersion of endplates in fast-twitch muscles may remain stable over time in 

males, but in females, it tends to increase with age. This potential rise in endplate dispersion, 

leading to reduced signaling to the target tissue, could possibly explain the diminished support of 

fast-twitch muscle as individuals age. Fast-twitch muscles are typically engaged during activities 

that involve exertion, such as heavy lifting or reacting swiftly to prevent a fall (Hepple & Rice, 

2016; Rowan et al., 2011). This could explain the reasoning behind the greater vulnerability and 

heightened susceptibility to falls observed in the aging population. 

Conclusion 

Here, we studied differences in GDNF protein content between young female and male rats. We 

found that GDNF concentration in PLA and SOL muscle declines with sedentary aging for both 

sexes, but that GDNF concentrations were greater in sedentary females than in age-matched 

males. Higher levels of GDNF protein content in muscle from female rats could provide a 

possible explanation as to why they are more protected than males against disease with a neural 

component. 

We also found that exercise increased levels of GDNF concentrations in muscle for both 

males and females. We know that GDNF is an important motoneuron protectant, which is why 

increased levels may help explain why exercise is so beneficial for neural tissues. We saw 

increased levels of GDNF due to exercise across all age groups studied, demonstrating that 

regardless of the age one starts exercising, there are positive effects on neural health.  
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CHAPTER III 

VOLUNTARY EXERCISE INCREASES LEVELS OF ESTRADIOL IN VIVO AND 

GDNF PROTEIN CONTENT IN VITRO IN FEMALE RATS  

ABSTRACT: Estrogen is a steroid hormone that plays various roles in the body. For females, it 

helps develop and maintain the reproductive system and female phenotypic characteristics. Also, 

estrogen has been shown to have “non-reproductive” effects and contribute to cognitive health, 

bone health, and cardiovascular system function. This is also evident in post-menopausal 

women, who have increased incidences of neurological and cardiovascular disease. Previous 

studies have shown that a decrease in strength and quality of skeletal muscle is related to 

decreased estrogen levels, which may contribute to higher levels of sarcopenia. While exercise 

has been shown to mitigate the rate of sarcopenia, it has also been shown to increase estrogen 

receptors (ER’s) and levels of glial cell line-derived neurotrophic factor (GDNF) in skeletal 

muscle. Furthermore, it has been shown that GDNF and estrogen act through similar intracellular 

signaling pathways, and estrogen can enhance intracellular GDNF signaling. The goal of this 

study is to explore the effects of exercise on estrogen and GDNF and to explore the relationship 

between levels of estrogen and GDNF.  Our hypothesis is that estrogen levels will be lower in 

sedentary females when compared to exercised rats. In addition, higher levels of GDNF will 

correlate with higher levels of estrogen. Trunk blood was collected from sedentary and exercised 

animals, centrifuged and serum was used for analysis. Enzyme-linked immunosorbent assay was 

used to quantify concentrations for estrogen and GDNF protein content. Different concentrations 

of estradiol were added to C2C12 murine skeletal muscle in vitro and analysis of GDNF protein 

concentration was performed on cultured cells. Levels of estrogen were significantly higher in 

exercised animals when compared to sedentary across all ages examined (4 weeks-78 weeks). 

There was a significant decrease in GDNF with the 5 nM and 100 nM concentration of estradiol 
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after 4 hours, but then a significant increase in GDNF with 5 nM after 48 hours. In conclusion, 

exercise does increase levels of both estrogen and GDNF in vivo and that there was a relationship 

between increased levels of estrogen and increased levels of GDNF.  
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Introduction 

Estrogen is a hormone that helps develop and maintain the reproductive system and 

secondary sex characteristics in females (Huether and McCannce, 2019). There are three major 

endogenous estrogens: estrone (E1), estradiol (E2), and estriol (E3), with E2 being the most 

abundant and potent. While it is critical to the maintenance of normal reproductive and non-

reproductive functions estrogen also may be an important factor contributing to sex differences 

observed in brain aging and neurodegeneration (Zarate, Stevnsner and Gredilla, 2017). 

Moreover, neuroprotective actions of E2 are apparent during aging and menopause. The decline 

in E2 is associated with mitochondrial dysfunction, neuroinflammation, synaptic decline, 

cognitive impairment, and increased risk of age-related disorders (Zarate, Stevnsner and 

Gredilla, 2017).   

Women differ in how susceptible they are to disease depending on whether they are pre- 

or post-menopause, most likely due to the decrease in E2. For example, the higher prevalence 

and greater severity of Alzheimer’s disease (AD) in women is possibly related to the 

postmenopausal reduction in E2 concentration (Tang et al., 1996; Brann et al., 2007; Li and 

Singh, 2014). The risk of developing Parkinson’s disease (PD) is also influenced by E2, 

exhibiting a lower risk in premenopausal versus postmenopausal women. This may be explained 

in part by the estrogen-induced inhibition of microglial activation and neuroinflammation system 

leading to reduced oxidative stress, neuroinflammation, and neurodegeneration of dopaminergic 

neurons in murine models of PD (Rodriguez-Perez et al., 2010; Labandeira-Garcia et al., 2016). 

Taken together, data indicates that both aging and menopause are associated with increased 

neuroinflammation, which may also contribute to female and male sex differences in age-related 

neurological diseases such as AD and PD (Zarate et al., 2017). 
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Numerous studies have further shown that pre-menopausal women are protected against 

stroke relative to men. However, stroke incidence increases in women following menopause 

(Murphy, McCullough and Smith, 2004; Roquer, Campello and Gomis, 2003; Niewada et al., 

2005; DiCarlo et al., 2003). Not only does the incidence increase in post-menopausal women, but 

worse outcomes are significantly higher including higher disability and fatality rates when 

compared to men (Roquer, Campello and Gomis, 2003; Niewada et al., 2005; DiCarlo et al., 

2003; Hochner-Celnikier et al., 2005). These studies highlight differences in age and sexes in 

neurological disorders and further indicate that post-menopausal women are at a greater risk of 

developing neurological disease and degeneration. 

The endocrine system plays a major role in cellular interactions, metabolism, and growth, 

which explains why changes in hormone levels affect many physiological processes. As women 

go through menopause, they exhibit an accelerated decline in muscle mass and strength (Calmels 

et al., 1995; Carville et al., 2006; Cooper et al., 2008; Greeves et al., 1999; Kurina et al., 2004; 

Samson et al., 2000; Skelton et al., 1999). This may be related to the considerable decline in 

estrogen levels, with an average of 80% estrogen loss during the first year of menopause 

(Phillips et al., 1993; Cauley et al., 1989; Vina et al., 2006). This has been shown to decrease 

muscle function (Sipila 2003; Lemoine et al., 2003). It has also been shown that lower rates of 

fall-related limb fractures in 75-year-old women along with increased muscle strength have been 

seen in women with higher endogenous estrogen levels (Sipila 2003). Lowe et al., (2010) 

showed that estrogens have many beneficial effects on muscle strength in postmenopausal 

women, along with age-related losses in muscle strength due to the declines in estrogen levels. 
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The beneficial actions of estrogen are mediated by estrogen receptors (ER). ERα and ERβ 

are encoded by ESR1 and ESR2 genes, respectively, and both of the ER have been found to be 

on skeletal muscle in humans and mammals (Wiik et al., 2009). Skeletal muscle is one of the 

largest tissues in mammals, responsible for movement, posture and exercise. Studies done by 

Velder et al (2012) showed the importance of both receptors in muscle regeneration after injury. 

This was done by ovariectomizing female rats and found that creatine kinase levels in the blood 

were elevated after muscle damage, when compared to control rats. It was found that ESR2 

played a much larger role in muscle recovery than ESR1. However, ESR1 decreased ubiquitin-

specific peptidase19 (estrogen agonist), consequently increasing muscle mass (Ogawa et al., 

2015).  

It has been shown that estrogen plays a significant role in the maintenance and strength of 

skeletal muscle. It has also been shown to play a neuroprotective effect in pre-menopausal 

women. Furthermore, estradiol may facilitate the release of neurotrophic factors such as glial cell 

line-derived neurotrophic factor (GDNF), insulin-like growth factor 1 (IGF-1), and brain-derived 

neurotrophic factor (BDNF) to safeguard neurons and promote the repair of damaged neuronal 

circuits in pathological conditions (Yuan et al., 2019; Arevalo, Azcoitia, and Garcia-

Segura, 2015). 

GDNF 

GDNF is a potent neurotrophic factor that plays a versatile role in many cell and tissue 

types, including skeletal muscle, Schwann cells and motor neuron axons, cell bodies and 

synapses (Henderson et al., 1994; Nguyen et al., 1998; Nosrat et al., 1996; Springer et al., 1994, 

1995; Suter-Crazzolara and Unsicker, 1994; Suzuki et al., 1998; Trupp et al., 1995). GDNF has 

been shown to save somatic motor neurons from naturally occurring cell death (Oppenheim et 
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al., 2000), and axotomy-induced cell death (Oppenheim et al., 1995), and protects motor neurons 

from chronic degeneration (Corse et al., 1999). While the complete mechanism for the loss of 

skeletal muscle with age is unknown, it has been suggested that a decrease in neurotropic 

signaling could be a contributing factor (Bergman et al., 1999). 

With aging, we know that there is a decrease in neurotrophic factor (Cintron-Colon and 

Spitsbergen, 2019). As one ages, one goes through a natural phenomenon called neural plasticity. 

That is where the neuron makes connections, retracts, makes connection and retracts with the 

target tissue. However, with aging the neuron stays retracted longer, which results in loss of 

connection and communication. That loss in communication is believed to be a factor in muscle 

atrophy, and ultimately sarcopenia. This is particularly high in cases involving the elderly 

population. So, we asked ourselves if there were ways to mitigate those losses. 

Previous studies have shown that exercise increases glial cell line-derived neurotrophic 

factor (GDNF) protein concentrations in skeletal muscle (Wehrwein et al., 2002). Additionally, 

exercise increases levels of estrogen (Otag et al., 2016). With increases in both, we wanted to 

investigate if estrogen played a role in levels of GDNF. Given the observed neuroprotective and 

myoprotective properties attributed to estrogen and GDNF, we posited a mechanistic correlation 

between these factors.   
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Methods and Materials 

Subjects 

 All animal experiments were performed in accordance with the “Guide for the Care and Use of 

Laboratory Animals” (National Research Council) and protocols were approved by the 

Institutional Animal Care and Use Committee at Western Michigan University. Male and female 

Sprague-Dawley rats were purchased from Charles River (Wilmington, MA). Female rats were 

acquired at 4 weeks of age, 8 weeks of age, and 52 weeks of age. Male rats were acquired at 4 

weeks of age and 8 weeks of age. All rats were considered pre-puberty at 6 weeks of age and 

younger and adolescent at 8-12 weeks of age (Sengupta, 2013). Females at 52 and 78 weeks of 

age were considered to be aged as they are going through reproductive senescence. Animals were 

acquired and acclimated to their environment before testing began. Rats in each age group were 

randomly separated into a sedentary group, maintained in cages without access to running wheels 

(n=6), and an exercise group with access to running wheels (n=6). Animals were exposed to a 12-

hour light/dark cycle and had access to food and water ad libitum.  

Voluntary Exercise Protocol  

Voluntary exercise protocols lasted for a two-week period, four-week period, or six-month period. 

All the animals completed the entire duration of the study. All rats were housed in clear 

polycarbonate living chambers (19” x 10.5” x 8”). The running wheels (Lafayette Instruments, 

Lafayette, IN) were attached to the living chambers and were freely accessible at all times 

throughout the study. Voluntary exercise was chosen as the training type because it has been shown 

that rats are internally motivated and do not need external stimuli to induce running (Legerlotz et 
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al., 2008; Sherwin, 1998). Sensors were placed on the running wheel where a computer recorded 

the distance run and running speed using software from Lafayette Instruments.  

Tissue Collection and Processing  

Following completion of exercise training protocols, exercised and sedentary rats were weighed 

and euthanized (CO2 asphyxiation, followed by thoracotomy) and the predominately slow-twitch 

SOL and predominantly fast-twitch PLA muscles were removed. 

The PLA and SOL muscles of the right side were frozen at resting length, stored at -80 °C, 

and later processed for analysis for endplate morphology. The PLA and SOL muscles from the left 

side were processed for GDNF protein content analysis via ELISA. Each muscle was weighed, 

snap fozen in liquid nitrogen, smashed into a fine powder, and homogenized with sample 

processing buffer (0.55 mol/L NaCl, 0.02 mol/L NaH2PO4, 0.08 mol/L Na2HPO4, 2 mmol/L 

ethylenediaminetetraacetic acid, 0.1 mmol/L benzethonium chloride, 2 mmol/L benzamidine, 20 

KIU/mL aprotinin, 0.5% bovine serum albumin (BSA), and 0.05% Tween-20). Homogenates were 

centrifuged and supernatants were collected and stored at -80 °C until ready for analysis.  

Enzyme-Linked Immunosorbent Assays (ELISAs)  

To determine the concentration of GDNF protein in SOL and PLA muscles ELISAs were run 

according to the manufacturer’s (R&D System, Minneapolis, MN) specifications. Briefly, a 96-

well plate was bound overnight with monoclonal anti-GDNF antibody (primary antibody) 

overnight. The plate was then washed and blocked with BSA. A series of standards were made in 

sample processing buffer and added to the top of the plate to create a standard curve. Study samples 

were then added to the remainder of the plate. After incubation, plates were washed and secondary 
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antibody (biotinylated anti-GDNF) was added and incubated overnight. The plate was washed, 

and horseradish peroxidase conjugated to streptavidin (Pierce, Rockford, IL) was added. The plate 

was washed again before adding tetramethylbenzidine color reagent (Sigma). The reaction was 

stopped using 0.1 M HCl, and absorbance was measured at 450 nm.  

 To determine the concentration of systemic estradiol protein in vivo ELISAs were run 

according to the manufacturer’s (Calbiotech, El Cajon, CA) specifications. Standards, specimens 

and controls were plated on the 96-well coated plate. The working solution of estradiol biotin 

reagent was placed in each well. This was then incubated for 45 minutes. Estradiol enzyme reagent 

was added, and then incubated again for 45 minutes. The plate was washed three times with 1X 

wash buffer before TMB reagent was added. The reaction was stopped by adding the stop solution 

and gently mixed. The absorbance was measured at 450 nm.  

Cell Culture  

Mouse skeletal muscle cells (C2C12) and culture medium were obtained from the 

American Type Culture Collection (ATCC Manassas, VA). Culturing procedures were performed 

according to the ATTC protocols.  

C2C12 myoblasts (undifferentiated skeletal muscle cells) were seeded on 100-mm plate 

(Cyto-one) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal 

bovine serum (Mediatech, Manassas, VA) and 1% antibiotic-antimycotic (Invitrogen-GIBCO). 

Cells were incubated at 37ºC in a humidified chamber with 5% CO2. Myoblasts were cultured 

after two days until about, 8.8x106 cells/100 mm dish, 70% confluent. Once confluent cells were 

split 1:3 into new 100-mm plates. Cultured cells were maintained in the same medium and 
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incubator as described above. Differentiation of myoblasts to myotubes occurred by replacing 

growth medium with DMEM supplemented with 10% horse serum and 1% antibiotic-

antimycotic. Medium was renewed every 1-2 days.  

Estradiol Treatment 

C2C12 cells were grown to myoblasts, as described above. β-estradiol (Sigma E2758-1G) 

(E2) was added to myoblasts, once confluent. E2 was added at 1 nM, 5 nM, 10 nM, 100 nM. 

GDNF Content in Cultured Cells 

GDNF protein content in each experiment was measured by enzyme-linked 

immunosorbent assay (ELISA). Both medium and cells were tested separately to determine 

GDNF protein concentration.  For estradiol-muscle cultures, differing concentrations of E2 was 

added to myoblasts and samples were collected every 4, 24 and 48 hours. For each experiment, 

cells were scraped and put in sample buffer, and were stored. To remove cells from dishes, 

culture medium was removed followed by washing with calcium-magnesium-free saline buffer. 

1 mL of sample buffer (a mixture of phosphate buffered saline, 0.005% Tween-20, 0.5% bovine 

serum albumin, 0.1 mM benzethonium chloride, 2 mM benzamidine, 0.4 M NaCl, 2 mM EDTA 

and 164 µL/100mL aprotinin) was added to each culture dish containing cells. The cells were 

scraped from the dish using a cell lifter (Corning, NY). Cells were spun in a cold centrifuge and 

supernatant was removed and stored at -20 ºC. 

Statistical Analysis  

All data were reported as the mean ± standard error of the mean (SEM). Data were analyzed using 

a one-way analysis of variance (ANOVA) and Tukey’s post-hoc test to assess statistical 
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significance between different groups. Differences were considered statistically significant at 

p<0.05. Where appropriate data was fit with a linear regression and correlation and variance were 

determined.  

Results 

In Vivo 

The goal is to determine if there are higher levels of estrogen correlated with higher 

levels of GDNF following exercise. Estrogen and exercise have been shown to be a skeletal 

muscle protectant, but there is little known about the mechanism in which female sex hormone 

levels vary with exercise. 
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GDNF Concentration in Exercised Female Rats vs. Sedentary Female Rats 

In 12-week-old female rats levels of GDNF increased after four weeks of voluntary 

exercise when compared to age-matched sedentary controls (Fig 9).  
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Figure 9: Effects of exercise on GDNF protein content in SOL muscle of female rats. GDNF protein concentration was 
determined by ELISA. GDNF protein concentration (pg/g tissue weight) is greater in 12-week-old exercised when 
compared to age-matched sedentary controls. Asterisk (*) indicates a significant difference (p<0.05) between exercise 
and sedentary rats of the same age.   
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Estradiol Concentration in Exercised vs. Sedentary  

We compared serum estradiol concentration in skeletal muscle of female rats following 

exercise between different age groups, before and after puberty, and before and near the 

beginning of reproductive senescence (Fig 10). 

Estradiol levels increased with voluntary exercise across all ages, when compared to sedentary 

control.  

In Vitro 

Since we observed that exercise increased levels of GDNF and that levels of estrogen 

also increased with exercise, we needed to test if it the relationship between GDNF and estrogen 
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Figure 10: Effects of exercise on estradiol (E2) levels of female rats. E2 concentrations in serum was determined by ELISA. E2 
concentrations (pg/mL) was greater in all exercised groups when compared to age-matched sedentary at 6-, 12- 78-week old 
rats. Asterisk (*) indicates a significant difference (p<0.05) between exercise and sedentary rats of the same age.  



69 

 

was correlation or causation. The way we investigated causation was by testing differing 

concentrations of estradiol on skeletal muscles in vitro and testing GDNF concentration.  

Does Estrogen Affect GDNF Concentration in Culture 

The goal of this experiment was to see if there was a causal relation between estrogen 

concentration and GDNF expression. We treated the skeletal muscle cell line, C2C12, with 

estrogen after they differentiated into myotubes. After they differentiated into myotubes we 

looked at how estrogen affects GDNF protein concentration (Kim, Qui and Kuang, 2020). 

Specifically, we examined changes in GDNF content both in cells as well as culture media to 

investigate the effect of E2 on GDNF secretion (Fig 11).  

Previous experiments have shown that skeletal muscle cells in culture produce GDNF but 

has also seen GDNF in media (Vianney et al., 2014) Cell and media samples were collected 4 

hours after treatment and ELISA was used to quantify GDNF concentration.  

Figure 11: Cells in vitro contain more GDNF than medium. After 4 hours of treatment with E2, cells and media were tested using 
ELISA to quantify GDNF protein content. GDNF content was found to be in cells when compared to culture media.  



70 

 

The results (Figure 11) showed that the majority of GDNF produced is retained within 

cells and not found in incubating media. Due to the ELISA's indetectable GDNF levels in the 

media samples, the cells alone were further analyzed.  

Different Length of Time that Estradiol was Administered to Cell Culture 

After determining cell were to be analyzed for GDNF concentration the time in which the 

cells responded to the different estradiol concentrations was analyzed. The time points chosen 

were 4, 24, and 48 hours, providing a range of quick response (4 hours) to chronic exposure (48 

hours). 

At 4 hours GDNF concentration decreased with the addition of 5 nM and 100 nM of E2 

(Fig 12). The next time point of 24 hours and showed that across all concentrations there was no 

Figure 12: C2C12 myotubes in cell culture were treated with varying estradiol doses and 
samples were collected at four hours. GDNF protein concentrations were determined by 
ELISA. GDNF concentration decreased with the addition of 5 nM and 100 nM E2. 
Significance (p<0.05) is represented with an asterisk (*) 

GDNF concentration (pg/mL) in C2C12 cells – 4 hours 
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change in GDNF concentration (Fig 13). However, at the last time point, 48 hours, GDNF 

concentration increased only with 5 nM E2 (Fig 14).  

 

 

 

Figure 13: C2C12 myotubes in cell culture were treated with varying estradiol doses and 
samples were collected at 24 hours. GDNF protein concentrations were determined by ELISA. 
There was no change in GDNF concentration when compared to control at 24 hours.  

GDNF concentration (pg/mL) in C2C12 cells – 24 hours 
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GDNF and Estrogen Correlation 

While both GDNF and estrogen increased with exercise, there was no correlation 

between the levels of GDNF and estrogen that we observed in in vivo experiments.  

Discussion  

The purpose of this study was to investigate the effect of exercise on levels of estrogen. It 

is also to investigate the relationship between increased levels of estrogen and GDNF. 

The results of this study suggest that the majority of GDNF produced is found within cells with 

little being released in medium in cells in culture. It also showed that estradiol treatment with 

5nM and 100nM appeared to cause a decrease in GDNF production as a quick response but in a 

long-term response cells collected 48 hours after a 5 nM estradiol treatment produced an 

Figure 14: C2C12 myotubes in cell culture were treated with varying estradiol doses 
and samples were collected at 48 hours. GDNF protein concentrations were 
determined by ELISA. GDNF concentrations increased with the addition of 5 nM E2. 
Significance (p<0.05) is represented with an asterisk (*). 

GDNF concentration (pg/mL) in C2C12 cells – 48 hours 
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increased amount of GDNF in comparison to the control. These results show that chronic 

estradiol treatments could increase GDNF production by skeletal muscle cells in vitro. 

 

The results from this present study are consistent with those produced in a study 

investigating the effects of electrical stimulation on GDNF production (Vianney et al., 2014). 

First, both studies found that treated myotubes retained the GDNF they produced. Here, this was 

found specifically in cells sampled 4 hours after treatment, independent of the estradiol 

concentration added. These results suggest stored GDNF could be secreted based upon a system 

of demand. In an in vivo model, this could be due to a need for GDNF by spinal motor neurons. 

The in vitro model used here may not have allowed for this demand to be met, therefore no 

GDNF secretion was detected. Second, both studies showed differences in GDNF production 

with acute and chronic treatments. Acute treatments displayed inhibitory effects on GDNF 

production, whereas chronic treatments suggested stimulation of GDNF production in cell 

samples. Specifically in this study, these differences were seen in 5 nM and 100 nM estradiol 

treatments acutely, and 5 nM estradiol treatments alone chronically. These results suggest that 

estradiol exposure may cause changes in skeletal muscle cells that alters GDNF production, 

which changes from inhibition to stimulation over time.  

The results of our study are also consistent with previous experiments where changes in 

GDNF content in skeletal muscle has been shown through exercise (Wehrwein et al., 2002). Our 

results showed that exercise showed a significant increase of GDNF content at 12-weeks of age, 

right around sexual maturity. While exercise showed trends towards an increase of GDNF 

content in pre-puberty rats, it was only at the age of sexual maturity that the effects of exercise 

played a significant role. This suggests that the physiological changes seen with puberty, such as 
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the increase of sex hormones, could play a role in the effectiveness of exercise on levels of 

GDNF. 

Exercise has also been shown to increase levels of estrogen (Otag et al., 2016). In our 

study exercise increased levels of estradiol at all time points, but it was at the age of sexual 

maturity that we saw the highest increase in estradiol after exercise. We saw that levels of GDNF 

content were highest at this same age that estradiol levels were highest, following exercise. This 

result could suggest that the correlation between the highest concentration of estradiol plays a 

role in the highest levels of GDNF content.  

As far as we know, there have not been any studies that have shown a mechanism for 

how GDNF may be a downstream effect of estrogen. Unfortunately, the results of our study does 

not shed any further light on that relationship. With the sample size from in vitro and in vivo 

being so small, it could play a role in our level of significance. With our data, it showed that 

there was no significant results from any age group showing that increased levels of estrogen 

increased levels of GDNF.  

Conclusion 

The data from these experiments have several implications for research for aging females and 

their relationship to levels of estrogen and GDNF protein concentration. In the past, studies 

looking at exercise and levels of GDNF have only been performed on male rats. This is a novel 

study, to our knowledge, looking at the relationship between estrogen and GDNF. The results 

from these experiments indicate that exercise does increase levels of estrogen and GDNF, there 

is no correlation between estrogen and GDNF.  
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CHAPTER IV 

DISCUSSION, CONCLUSION AND FUTURE DIRECTIONS 

 

The results from these studies have shown that exercise can help mitigate the negative 

effects seen on endplate morphology in aging male and female rats (Chapter 2). One explanation 

for these positive neuromuscular changes may be due to the beneficial effects of exercise on 

GDNF protein levels in the periphery. Higher levels of GDNF were observed in younger female 

rats when compared to age-matched male rats (Chapter 2), which are novel finding as these are 

the first studies to investigate the levels of GDNF protein content in female rats. With sedentary 

aging, we observed an increase in endplate area in both male and female PLA and SOL, two 

skeletal muscle groups with differing fiber phenotypes (Chapter 2), and in our oldest female rat 

group (52-78 weeks-old) we saw an increase in endplate dispersion in the SOL. In female rats, 

exercise positively impacted endplate morphology by increasing area and decreasing dispersion. 

Exercise increased levels of GDNF protein content in skeletal muscle of both males and females 

(Chapter 2). Exercise also increased levels of serum estradiol in both male and female rats 

(Chapter 3). Short-term exposure to 5 nM estradiol in skeletal muscle cells (C2C12) in culture 

decreased levels of GDNF, while chronic exposure of 5nM increased GDNF concentration 

(Chapter 3). Our research indicates that exercising could be good for the peripheral nervous 

system and endocrine system by counteracting the harmful effects of decreasing levels of GDNF 

content and estrogen that occurs with aging (menopause).  
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Discussion  

 In 1993 GDNF was discovered in glial cells (Lin et al.) and one year later, Henderson et 

al. (1994) found GDNF to be a potent survival factor for motor neurons. GDNF was later shown 

to be produced in skeletal muscle and to colocalize around endplates (Suzuki et al., 1998). To 

date studies examining GDNF expression and effects were only performed in male rats. Our 

project included female rats and has begun to fill in the gaps in our understanding of GDNF 

protein expression in female rats compared to male rats. Establishing this baseline knowledge 

also allows multiple variables to be examined, including exercise and hormonal changes which 

may impact GDNF protein expression differently in the two sexes. The importance of this novel 

information is that it could have therapeutic implications on how to better treat females who have 

disease with a neuromuscular or neuroendocrine component.  

Differences in Endplate Morphology with Sedentary Aging 

Our findings indicate that sedentary aging in both male and female rats lead to 

morphological changes in the NMJ. Larger endplate area and an increased degree of dispersion, 

indicative of NMJ deterioration with age, were observed and were previously noted by Campbell 

et al. (1973) and Fling et al. (2009). Since the aging process results in a reduced number of motor 

units  (Campbell et al., 1973; Tomlinson & Irving, 1977) and older motor neurons show signs of 

deterioration  (Hepple & Rice, 2016), it is likely that there are fewer connections and diminished 

communication with their target muscles and tissues (Deschenes, 2011 and Hepple & Rice, 

2016). In younger male and female rats, we observed similar chronological changes in endplate 

area which included higher density. One explanation for these structural changes may be that the 

endplate area is smaller as the nervous system is not yet fully formed and is still being refined 

with development.  
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 The results from our 4-6 weeks males and females we see endplate areas go from a small 

footprint with low complexity to endplate areas with more complexity and larger footprint of 

maturing animals from 8-12 weeks of age. This is normal with maturation and is seen as positive. 

However, the negative neurological effects that we often see with aging occurs when the increase 

in endplate area is coupled with greater endplate dispersion (Campbell et al., 1973; Fling et al., 

2009). If increase in dispersion leads to failure to communication between nerve and muscle, this 

could contribute to a higher incidence of falls and frailty among the elderly. In our study 

involving both male and female rats, we showed that endplate area increased with age. In our 

older animals we began to see increases surrounding not only endplate area but also endplate 

dispersion. Older female rats displayed the greatest endplate area and dispersion, suggesting that 

there are negative impacts of sedentary aging on the somatic nervous system. However, in the 

male rats reaching sexual maturity, the endplate area increased while the level of dispersion 

within the NMJ remained stable.   

Differences in Levels of GDNF Between Male and Females 

We know that neurotrophic factors aid in the support, growth, and survival of neurons 

and that those levels decrease with aging. Results of previous studies in the laboratory show 

GDNF protein levels in male rat skeletal muscle decline with aging (Cintron-Colon and 

Spitsbergen, 2019). My results showed that young female rats have higher levels of GDNF 

compared to age-matched males, and GDNF levels declined with aging in both males and 

females. Differences observed at the NMJ between the sexes could be explained by the differing 

levels of GDNF. 

 GDNF has been shown to play an important role in both NMJ assembly and in 

maintaining the signaling between motor neurons and skeletal muscle (Keller Peck et al., 2001; 
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L. F. Lin et al., 1993). It supports pre- and postsynaptic structures during maturation and the 

synergy between GDNF and NMJ keeps the neuron happy, healthy and alive (L. F. Lin et al., 

1993). However, the diminished levels of GDNF observed in aging animals could potentially 

contribute to the morphological alterations in the endplate, thereby affecting neural 

communication with muscle. Additionally, this may imply the necessity of heightened GDNF 

expression in younger animals to support the developing nervous system, but not in older 

animals. We saw this in our studies as the highest level of GDNF was in our 4-week old female 

animals. We then saw decreases with aging, suggesting that as the neuromuscular apparatus 

becomes established there is less need for GDNF, which is consistent with previous work done in 

Spitsbergen lab and others (McCullough et al., 2011; Nagano & Suzuki, 2003). 

 Interestingly, our young females (prior to reproductive senescence) had higher levels of 

GDNF when compared to our young males. However, when looking at the correlation between 

GDNF levels and endplate area, male SOL needed less GDNF to increase their endplate area. 

This was seen in Fig 8 as the slope of the correlation for males was steeper, showing that the 

correlation between having a larger endplate area required less GDNF content. This may suggest 

that males retrograde transport GDNF more quickly, which accounts for the lower levels of 

GDNF but increased endplate area. Female SOL required higher levels of GDNF to increase 

endplate area, which as shown by a flatter slope. One possible explanation could be that younger 

females are not as sensitive to GDNF or have fewer receptors for GDNF.  

 Recent studies have indicated that GDNF may be modulated by estradiol in the mid-brain 

(Bessa et al., 2015; Campos et al., 2012). Other studies have shown the downstream effects of 

estradiol on other neurotrophic factors, such as BDNF (brain-derived neurotrophic factor). 

Scharfman & MacLusky (2006) have suggested that estradiol can interact directly with BDNF by 
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inducing BDNF gene expression through turning on trkB and p75 (similar signaling pathways 

seen in both estradiol and BDNF). Because of the similarities between signaling pathways for 

GDNF and BDNF, this could be a possible explanation to why we see higher estrogen levels in 

our younger females and higher levels of GDNF levels.  

In premenopausal females they have higher levels of estrogen and GDNF, which may 

contribute to the lower occurrence of neurological diseases when compared to age-matched 

males. However, the decrease in estrogen and GDNF levels observed during aging may explain 

why the severity and frequency of neurological diseases tend to rise following menopause. 

Exercise to the Rescue 

 Previous work done in Spitsbergen lab has shown that exercise increased levels of GDNF 

protein in skeletal muscle in male rats (Wehrwein et al., 2002). The results of my studies showed 

similar increases in female rats. It also showed a difference in GDNF content in differing muscle 

fiber types, increase in slow-twitch but decrease in fast-twitch, similar to what was seen from 

Gyorkos in 2014. 

 GDNF protein content and endplate total area in the SOL both increased with run training 

which is consistent with previous findings in Spitsbergen lab (McCullough et al., 2011). It is 

possible that the total endplate area expanded due to changes in the presynaptic apparatus (Hill et 

al., 1991). The plasticity in this mechanism driven by activity, could potentially increase 

neurotransmitter stores (Stephens & Taylor, 1972), and enhance quantal storage and release 

(Dorlochter et al., 1991). As a result of these presynaptic changes, there may be corresponding 

adjustments in post-synaptic morphology, which lead to the increase in endplate area. That 

increase of postsynaptic endplate area increase has been previously shown following 

overexpression of GDNF (Keller Peck et al., 2001; Zwick et al., 2001). These factors may 
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possibly be an explanation to why young females had higher levels of GDNF than age-matched 

males. With the type of exercise administered (voluntary exercise) slow-twitch muscle would be 

recruited. We also know that females have a higher percentage of slow-twitch muscle fibers 

compared to males (Haizlip et al., 2015). Taken together, having more slow-twitch muscle fibers 

being recruited from exercise, could be why females had higher levels of GDNF than males.  

 While we did not see an increase of GDNF in fast-twitch muscle in my studies, that could 

be due to the lack of recruitment during the voluntary run exercise. However, we have seen an 

increase of GDNF in fast-twitch muscle in other exercise modalities, such as swim (Gyorkos & 

Spitsbergen, 2014). In that study, for swim training the need for higher recruitment, due to water 

resistance, of the extensor digitorum longus (a fast-twitch muscle) as compared to SOL (slow-

twitch muscle) demonstrates that higher intensity exercise may result in higher levels of GDNF 

(Gyorkos &Spitsbergen, 2014).  

We know that exercise has an overall beneficial effect leading to a lowering of the risk of 

certain diseases. And, with the observed differences seen in GDNF content in different muscle 

fiber types, this could play a role in protecting against sarcopenia. Sarcopenia has been shown to 

be muscle fiber-type specific as large motor units that innervate fast-twitch muscle are the most 

susceptible to denervation (Doherty et al., 1993; Edstrom et al., 2007; Frey et al., 2000). When 

denervation occurs in large motor units, adjacent motor units will sprout to the muscle fibers that 

are not innervated (Rich & Lichtman, 1989). That results in an increase in size of the remaining 

motor units, which could overwork that neuron, leading to even more denervation and ultimately 

rendering it non-functional (Gyorkos & Spitsbergen, 2014). In 2010, Deschenes suggested that if 

the loss of large motor units could be mitigated that the effects of aging due to sarcopenia may be 

delayed in the neuromuscular system. We have seen how exercise has led to increases in GDNF 
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in slow-twitch muscle, and that with certain high intensity exercises it has been shown to 

increase GDNF levels in fast-twitch muscle (Gyorkos & Spitsbergen, 2014). This suggests that 

exercise may play a pivotal role in slowing down the effects of aging in fast-twitch muscle fibers 

and the neuromuscular system. While we know that GDNF is a potent survival factor for motor 

neurons, and exercise increases levels of GDNF in skeletal muscle, further studies will be needed 

to elucidate mechanisms for how exercise increases concentrations of GDNF.  

Exercise also increased estradiol levels in both males and females, and results from other 

studies have shown protective effects that estrogen plays in pre-menopausal women (Zarate, 

Stevnsner and Gredilla, 2017). Overall, exercise has positive effects on both physical and 

neurological well-being, rendering it a valuable regiment for individuals of all ages.  

Conclusion 

 The results of our studies confirmed our hypotheses: The first being that with sedentary 

aging, NMJ area and endplate dispersion increased in both sexes. Our results also showed that 

prior to reproductive senescence, GDNF was higher in female rats than age-matched males. 

Lastly, we confirmed that exercise increased estrogen levels in vivo and that chronic exposure to 

estrogen in vitro increased levels of GDNF. Our work investigating GDNF levels in females will 

be crucial in laying the foundation for future experiments aimed at understanding more fully 

what is happening with females neurologically with aging. Our findings could help explain why 

pre-menopausal women are more protected against neurological diseases than males, and further 

illustrates the importance of estrogen and its protective effects.  
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Future Directions 

 Our findings indicate that voluntary exercise may serve as a potential strategy to 

counteract the aging-related effects on the somatic nervous system and enhance neural plasticity.  

 Considering that females possess a higher proportion of slow-twitch muscle fibers 

compared to males and that fast-twitch muscle fiber types deteriorate more rapidly with age, 

performing muscle fiber type staining could offer valuable insights into the impact of aging and 

exercise. This approach would also enable us to observe how the nervous system, via endplate 

size and complexity, may adapt to changes in muscle fiber types. Moreover, it could reveal the 

influence of various exercise modes on muscle fiber ratios and potentially how different motor 

units are innervated.  

 Muscle fiber type would pair wonderfully with previous research conducted in our 

laboratory that examined motor neuron cell bodies in the spinal cord. We have seen differences 

in the number and size of cell bodies with exercise and age and this would allow us to connect 

what is happening with the motor neurons in the spinal cord and muscle innervation.  Not only 

that but it would help us establish connections between changes in motor neuron cell bodies and 

muscle innervation and make comparisons between the sexes. Furthermore, using q-PCR in the 

spinal cord and skeletal muscle to quantify the expression of GDNF mRNA would provide 

insights into GDNF production in these specific locations. While ELISA measurements reveal 

GDNF concentration, they do not provide information about local production. This analysis 

would enable us to determine whether GDNF is synthesized and retained within skeletal muscle 

or rapidly transported to the spinal cord. We could also run an in situ to see which muscle fiber 

type is producing GDNF mRNA with different exercise modalities. We could take it a step 
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further and conduct RNA-seq to identify the genes or pathways through which GDNF is 

regulated.  

 We briefly looked to see if there was an interaction between GDNF and the sex hormone 

estrogen. Potential future projects could include ovariectomizing female rats at a young age to 

look at NMJ and GDNF. This would allow us to look at potential effects of estrogen on a 

developing somatic nervous system. Another way to see if there is any interaction between 

GDNF and sex hormones would be to perform more studies in cell culture. In cell culture, adding 

different hormones, such as testosterone or progesterone, would allow us to see if there were 

increases or decreases with the level of GDNF production. We could even add a combination of 

hormones, such as progesterone with estrogen, to mimic more of what is happening in vivo and 

measure levels of GDNF.   
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