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ABSTRACT 

 

Hayes, Crystal Dawn 

 THE ROLE OF C-JUN N-TERMINAL KINASE ONE AND TWO IN MOTONEURON 

MATURATION AND MAINTENANCE 

 

A dissertation conducted under the direction of Carolanne E. Milligan, Ph.D.,  

Professor of Neurobiology and Anatomy. 

 

During development motoneurons (MNs) undergo programmed cell death (PCD), 

and the molecular coordination of intracellular signaling and death execution pathways 

are prominent areas of research (Hamburger, 1958; Hollyday and Hamburger, 1976; 

Oppenheim, 1991; Oppenheim., 2005 ). Subgroups of the mitogen activated protein 

kinases (MAPK) family have been implicated in neuronal differentiation, death, 

regeneration, and survival (Bogoyevitch and Kobe, 2006; Frebel and Wiese, 2006). The 

c-Jun N-terminal kinases (JNKs) are stress-activated members of the MAPK family, 

which may represent candidate molecules whose signaling is important in MN death, 

survival, differentiation, maturation, and maintenance. Classically considered a 

degenerative signal, JNK may be critical for MN survival and death throughout life; 

though the outcome of its activation varies depending upon the isoform, location, and 

context (Ip and Davis, 1998; Bogoyevitch and Kobe, 2006). Previous work from our 

laboratory has provided evidence that cytosolic, nuclear, and mitochondrial pools of 

JNK activity may regulate both degenerative and regenerative events in vitro. Inhibition 



     xix  

of JNK in healthy MNs results in decreased mitochondrial membrane potential, neurite 

outgrowth, and phosphorylation of MAP1B, demonstrating that the activation of JNK is 

necessary for normal maintenance of the MN. In contrast, JNK inhibition in MNs 

deprived of trophic support attenuates caspase activity and nuclear condensation, 

expounding on the role of JNK activation in cell death. Together, these data implicate a 

dual function of JNK in MNs in vitro (Newbern et al., 2007). Further isoform-specific 

investigation in an in vivo model is necessary to elucidate the role of the JNK isoforms 

in lumbar MNs. In the mammalian genome, three genes code for the JNK isoforms:  

JNK1, JNK2, and JNK3 with ten splice variants.  In this dissertation, the transgenic jnk1 

or jnk2 mouse models were utilized to characterize the functions of JNK1 or JNK2 in 

lumbar MNs in vivo. We hypothesize that the JNK1 and JNK2 isoform mediate 

discrete events associated with MN maturation and maintenance. These data 

suggest that the JNK1 or JNK2 isoform have a minimal role in the development of MNs. 

There were decreases in the interaction of the MN with their target muscles in JNK1 or 

JNK2 KO animals.  Therefore, the individual JNK isoforms appear to have limited, but 

specific roles in lumbar MNs in vivo. Alternatively, the function of the JNK1 or JNK2 

isoform may not be entirely obvious when the remaining isoforms are fully expressed, 

due to compensatory regulation (Sabapathy et al., 1999a; Tuncman et al., 2006). 

Additional experiments utilizing the double transgenic JNK1KO/JNK2HT, 

JNK1HT/JNK2KO, or JNK1HT/JNK2HT mouse models might further illuminate the role 

of the specific JNK isoforms in MNs. 
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CHAPTER I 

 

INTRODUCTION 

 

 Signal transduction pathways are the mechanisms by which cells translate 

extracellular signals into physiological responses. Previous work from our laboratory 

suggested that acitivity of the Phosphoinositide 3-kinase (PI3K) and extracellular 

signal-regulated kinase (ERK) 1/2 pathways increased in motorneurons (MNs) 

supplied with trophic support and that pharmacological blockade of these pathways 

promoted the death of the cells (Newbern et al., 2005). These results suggest that 

the PI3K and ERK1/2 pathways are essential for MN survival. We have also 

evaluated c-Jun N-terminal kinase (JNK) activity in both healthy and dying MNs from 

developing chick embryos and found no apparent differences in overall JNK activity 

between the conditions (Newbern et al., 2007). Pharmacological inhibition of JNK in 

heathy MNs supplied with trophic support, resulted in decreased mitochondrial 

membrane potential and reduced neurite outgrowth. On the other hand, in MNs 

supplied with trophic support and destined to die, inhibition of JNK attenuated 

caspase activation, and nuclear condensation. Together these results suggest that 

the JNK pathway may be critical for both MN survival and death. 

 The JNK family consists of three genes: jnk1, jnk2, and jnk3, with at least ten 

spliced products (Kallunki et al., 1994; Gupta et al., 1996; Kallunki et al., 1996). 

While extensive functional overlap between the three JNK isoforms is evident, 
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isoform-specific functions have been identified in the nervous system (Chang et al., 

2003; Brecht et al., 2005). To further investigate if JNK signal transduction is crucial 

for MN survival and development, we have turned to transgenic mice where 

individual isoforms have been knocked-out. In this dissertation we evaluated 

embryonic and postnatal MN number to determine if JNK1 or JNK2 deletion would 

alter MN programmed cell death. We also investigated the role of JNK1 or JNK2 in 

developing and mature hindlimb skeletal muscles, tibialis anterior and medial 

gastrocnemius, to determine if the target of lumbar MNs was affected by JNK1 or 

JNK2 isoform deletion. We hypothesize that the JNK1 and JNK2 isoforms would 

mediate discrete events associated with lumbar MN maintainance and maturation in 

vivo. The focus of the experiments in this dissertation is on the JNK1 and JNK2 

isoforms due to their ubiquitous expression.  Elucidating the role of JNK1 or JNk2 in 

MNs in vivo is important to attempt to identify upstream components of the cell death 

pathway of MNs and to identify possible ways to inhibit neurodegeneration.   

 

MITOGEN ACTIVATED PROTEIN KINASES 

The mitogen activated protein kinases (MAPKs) are a family of four kinase 

cascades in mammalian organisms: p38, ERK 1/2, ERK5, and JNK (Chang and 

Karin, 2001). The MAPKs are essential to eukaryotic signal transduction, are 

initiated by extracellular signals or stressors, and ensure that the appropriate 

intracellular responses are elicited. The MAPKS are transiently activated in response 

to: nutrients, growth factors, cytokines, adhesion molecules, heat, osmolarity, pH, 

redox, radiation, and mechanical stress (Davis, 2000). The ERKs function in the 
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control of cell division, growth, and differentiation (Roberts and Der, 2007). The 

JNKs are activated by stress and are best known as regulators of transcription, while 

the p38 pathway is activated by inflammatory cytokines and environmental stress 

(Johnson and Lapadat, 2002). Once activated, the specificity of each kinase 

cascade is acquired by the diversity in componnent of the cascade (Figure 1). 

Each cascade has three sequential protein kinases that make up the MAPK 

cascade (Figure 1). The pathway consists of the following: a MAPK kinase kinase 

(MAPKKK), which activates the MAPK kinase (MAPKK); which activates the MAPK; 

and that phosphorylates downstream targets that include: transcriptional factors, 

proteins, and other kinases (Figure 1) (Enslen and Davis, 2001). This module 

achieves specificity in a manner that is currently not well understood, but some ideas 

Figure 1. Schematic of the MAPK cascade.  
Pathway diagram reproduced courtesy of Cell Signaling Technology, Inc. 
(www.cellsignal.com). 

THE MAPK CASCADE 
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include: isoform specificity, the associated scaffolding proteins, the location of the 

protein complexes, and the affinity of the substrates (Coffey et al., 2002; Zou et al., 

2007; Eminel et al., 2008).  

 

 c-JUN N-TERMINAL KINASE (JNK) 

The JNKs are Ser/Thr kinases that are activated in response to inflammatory 

cytokines, heat shock, and growth factors (Ichijo, 1999; Davis, 2000). The JNK 

signal has a robust increase following stress and is alternatively called the stress-

Figure 2. Schematic of the JNK signaling pathway.  
Pathway diagram reproduced courtesy of Cell Signaling Technology, Inc. 
(www.cellsignal.com). 

THE JNK SIGNALING PATHWAY 
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activated protein kinase (SAPK) (Mielke et al., 2000). JNK was originally identified 

as a stress activated member of the MAPK family, however recent evidence has 

shown that JNK is important in: cell differentiation, growth, apoptosis, inflammation 

and homeostasis (Kyriakis et al., 1994; Ip and Davis, 1998; Shaulian and Karin, 

2002; Liu and Lin, 2005; Bogoyevitch and Kobe, 2006; Newbern et al., 2007; Eminel 

et al., 2008).   JNK activity is dependent on its phosphorylation, the outcome of JNK 

phosphorylation depends on:  the cell type, the context of JNK activation, and the 

JNK isoform being activated (Ip and Davis, 1998; Bogoyevitch and Kobe, 2006).  

The jnk1, jnk2, and jnk3 genes code for ten splice variants in the mammalian 

genome (Gupta et al., 1996). In mice, the jnk1 gene is located on chromosome 14 B, 

the jnk2 gene is on chromosome 11 B1.3, and the jnk3 gene is on chromosome 5 

(Bogoyevitch, 2006). The JNK1 and JNK2 isoforms are ubiquitously expressed, 

whereas JNK3 is only expressed in the brain, heart, pancreas, and testis (Dong et 

al., 2002). The JNK1, 2, and 3 isoforms are located at the mitochondria, in the 

cytoplasm; and in the nucleus (Kenney and Kocsis, 1998; Tsuiki et al., 2003; Eminel 

et al., 2007; Haeusgen et al., 2009; Zhao and Herdegen, 2009). Although the gene 

products show 85% identity, the localization of the isoforms and preferential binding 

partners corroborate the idea of JNK isoform specificity (Barr and Bogoyevitch, 

2001). Our aim was to characterize the role of the JNK1 and JNK2 isoforms in 

lumbar MN development and maintenance iin vivo, in an attempt to target upstream 

components of the apoptotic cascade. 

The JNK pathway is very complex and is activated by many MAPK kinase 

kinases (MAPKKs) (Figure2). The kinase cascade is initiated with MAPKKKs that 
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include: apoptosis signal regulated kinase (ASK) 1, dual leucine zipper-bearing 

kinase (DLK), MAPK/ERK kinase (MEKK)1-4, mixed lineage kinase (MLK)1-3,  

tumor progression locus 2(Tpl-2), etc. Genetic deletion of DLK results in mice that 

die perinatally, have decreased numbers of migrating neurons, and altered axonal 

growth, demonstrating the role of components of the JNK pathway in neuronal 

development (Hirai et al., 2006). The MAPKKKs activate the two dual-specific MAPK 

kinases (MKKs), MKK4 and MKK7 (Figure 2) (Widmann et al., 1999).  MKK4 and 

MKK7 phosphorylate the JNK isoforms on Thr and Tyr residues within a Thr-Pro-Tyr 

motif (Davis, 2000). MKK4 and MKK7 are ubiquitously expressed and phosphorylate 

the JNK pathway (Carboni et al., 1997; Yao et al., 1997b; Davis, 2000). Figure 2 

summarizes the components of the JNK signaling pathway, and the MKK4 or MKK7 

single KO mice are embryonically lethal due to abnormal hepatogenesis (Carboni et 

al., 1997; Yao et al., 1997b; Ganiatsas et al., 1998; Lee et al., 1999; Nishina et al., 

1999; Watanabe et al., 2002). The MKK4  KO mouse model has marked neural tube 

defects manifested as exencephaly and spina bifida, revealing that the two kinases 

serve different neuronal functions in vivo (Chi et al., 2005). These data provide 

evidence that JNK signaling, via MKK4 or MKK7, is necessary for survival, and 

implicate a role for the JNK pathway in the development of the CNS.  

The JNK1, JNK2, and JNK3 isoforms share a common epitope that is 

phosphorylated at Thr and Tyr residues by MKK4 and/or MKK7 (Sanchez et al., 

1994; Tournier et al., 1997; Davis, 2000). MKK4 is primarily activated by 

environmental stresses and prefers the Tyr 185 site, while MKK7 is principally 

activated by cytokines and prefers the Thr 183 site (Lawler et al., 1998; Tournier et 
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al., 2001; Weston and Davis, 2002; Kishimoto et al., 2003).  Phosphorylation by both 

MKK4 and MKK7 is necessary for optimal JNK activity (Kishimoto et al., 2003; 

Tournier et al., 2001). The activation of JNK1, JNK2, or JNK3 by MKK4 and/or 

MKK7 elicits activity of the JNK substrates. 

 

Studies using the JNK1 and/or JNK2 KO model 

JNK specificity may be dependent upon the isoform, but the ubiquitous 

expression of JNK1 and JNK2 adds to the complexity of elucidating the roles of 

these two JNK isoforms in vivo (Bogoyevitch, 2006). Initial differences in the JNK1 

and JNK2 isoforms were discovered in the evaluation of the immune system (Dong 

et al., 1998; Dong et al., 2002). Loss of JNK1 results in: T cell hyperproliferation, 

decreased activation-induced apoptosis, and the T cells preferentially differentiate 

into helper TH2 antigen-presenting cells (Dong et al., 1998). The JNK2 KO mouse 

model has: reduced interferon production by TH1 cells, reduced T cell activation and 

reduced apoptosis (Yang et al., 1998a; Sabapathy et al., 1999b). These studies 

were the first to demonstrate isoform specific roles for the JNK1 and JNK2 isoforms 

in vivo. Subsequent use of the JNK1 and JNK2 deficient mice has revealed neuron 

specific roles for the JNK1 and JNK2 isoforms. 

 

Studies using the JNK1 KO mouse model 

The JNK1 isoform is ubiquitously expressed and the mutant mouse is a total 

knockout that is viable with a normal life span (Kuan et al., 1999). The JNK1 KO 

animals lack an anterior commissure and have disorganized neuronal microtubules 
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because of hypophosphorylated MAP2 (Chang et al., 2003; Bjorkblom et al., 2005). 

Embryonic stem (ES) cells derived from JNK1 KO mice have elevated wnt-4 and 

wnt-6, inhibitors of ES neurogenesis, resulting in a fibroblastic, instead of a neuronal 

morphology (Amura et al., 2005). JNK1 is thought to play a protective physiological 

function in neurons and may be important in preventing neurodegeneration (Brecht 

et al., 2005). In CNS derived mitochondria  the basal expression of JNK1 is highest, 

but following stress JNK1 levels in mitochondria are significantly reduced (Zhao and 

Herdegen, 2009). Neurons from the JNK1 KO animals have decreased axon 

elongation and reduced MAP1B phosphorylation in vitro, indicating that JNK1 may 

regulate axon stability and outgrowth (Barnat et al., 2010). Together, the results 

derived from JNK1 KO animals suggest a role for JNK1 in neuronal differentation, 

mitochondrial maintenance, and cytoarchitecture stability of neurons. 

 

Studies using the JNK2 KO mouse model 

Mice that lack expression of JNK2 are viable and survive normally (Kuan et 

al., 1999). One month old JNK2 KO animals show a decrease in the induction and 

maintenance of LTP (Chen et al., 2005). Like JNK1, the JNK2 isoform also appeared 

to be required for neurite initiation, axon elongation, and MAP1B phosphorylation 

during regeneration in vitro (Barnat et al., 2010). JNK2 phosphorylation is increased 

in mitochondria  following ischemia, indicating that the JNK2 isoform plays a role 

following stress induction (Zhao and Herdegen, 2009). These data show that JNK2 

plays a role in neuronal function, axon outgrowth, and cytoskeletal stability following 

injury, indicating the role of JNK2 in stress. 
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Studies using the JNK1 and JNK2 double KO mouse model 

Although the JNK1 and JNK2 double knockout is embryonic lethal, JNK 

isoform functions have also been identified using the mouse model (Kuan et al., 

1999; Sabapathy et al., 1999a). In the JNK1 and JNK2 double knockout the lateral 

edges of the hindbrain are overgrown, and this phenomenon is also common in mice 

that lack the biochemical machinery of PCD (Kuida et al., 1996; Cecconi et al., 1998; 

Hakem et al., 1998; Kuida et al., 1998; Yoshida et al., 1998; Kuan et al., 1999; Hao 

et al., 2005). The JNK1 and JNK2 isoforms together regulate caspase activity and 

regional apoptosis but the JNK1 and JNK2 double KO animals die at E11 (Kuan et 

al., 1999). Inappropriate PCD has been implicated in neurodegenerative diseases 

and the JNK isoforms may participate in these processes (Thompson, 1995; 

Stefanis et al., 1997).  

 

JNK SUSTRATES 

c-Jun  

c-Jun is the best characterized substrate of the JNK pathway and it is 

phosphorylated by the JNK1, JNK2, and JNK3 isoforms (Raivich and Behrens, 

2006). The JNKs phosphorylate the transcriptional factor c-Jun at Ser63 and Ser73 

(Pulverer et al., 1991). Transcription is initiated when JNK induces c-Jun activation 

by removing the repressor histone deacetylase 3 (HDAC3) (Weiss et al., 2003).  

Sympathetic neurons increase c-Jun expression following NGF withdrawal, 

illuminating a role for the transcription factor in cell death (Estus et al., 1994; Ham et 
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al., 1995; Palmada et al., 2002). c-Jun is transiently expressed in MNs prior to PCD, 

demonstrating a transient role for c-Jun in the induction of MN PCD (Sun et al., 

2005; Ribera et al., 2006). c-Jun expression and phosphorylation was found to be 

greater in MNs supplied with trophic support as compared with those deprived; 

however, inhibition of c-Jun had no effect on nuclear condensation in dying cells or 

neurite outgrowth in healthy cells suggesting that JNK’s role in these events is 

independent of c-Jun (Newbern et al., 2007).  

 

 Other JNK substrates 

 JNK phosphorylates a variety of downstream targets including: nuclear 

proteins, scaffolding proteins, and adaptor proteins (Gupta et al., 1995; Chow et al., 

1997; Yang et al., 1998b; Buschmann et al., 2001; Bogoyevitch and Kobe, 2006). 

The microtubule associated proteins (MAPs), MAP2 and MAP1B, regulate axonal 

and dendritic stability through JNK phosphorylation (Chang et al., 2003; Bjorkblom et 

al., 2005).  JNK regulates axonogenesis via activating transcription factor-2 (ATF-2), 

while neurite outgrowth via JNK utilizes Ets like gene 1 (Elk-1) and ATF-2 (Yao et 

al., 1997a; Oliva et al., 2006). These data demonstrate the JNK signaling via 

downstream substrates can regulate neuritogenesis. 

The Bcl-2 family are aslo targets in the JNK pathway, with activation of the 

pro-apoptotic Bcl-2 family memebers Bid, Bax, Bcl-xL and Bim regulating 

mitochondrial permeability via post-translational modification (Tournier et al., 2000; 

Lei et al., 2002; Deng et al., 2003; Lei and Davis, 2003; Putcha et al., 2003). JNK 

can induce phosphorylation of Bcl-2 to promote survival; while JNK induced 
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phosphorylation of Bcl-xL can induce apoptosis (Kharbanda et al., 2000; Deng et al., 

2001). In total, JNK has approximately 56 known substrates that elicit broad 

biological function in a cell, context, and isoform specific manner (Bogoyevitch and 

Kobe, 2006).  

 

SUMMARY OF LUMBAR MN DEVELOPMENT 

 During development the midline mesoderm releases signals that trigger the 

thickening of the ectoderm to form the neural plate. The neural plate folds inward to 

form the neural groove, causing the neural folds on either side to meet in the dorsal 

midline and form the neural tube. The notochord, which underlies the dorsal surface 

of the neural tube, secretes sonic hedge hog (Shh) and this induces the formation of 

the floor plate, the birth of MNs, and dorsal-ventral patterning of the spinal cord. 

Subpopulations of neurons differentiate on the rostral caudal axis based on the 

gradient of Islet-1 and other Lim transcriptional factors. MNs receive a greater 

amount of  Shh and migrate into the ventral aspect of the spinal cord and send their 

axons to the target tissues (Gilbert, 2003). 

In the mouse, lumbar MNs are produced in excess and between E13 and E18 

sixty percent of the MNs originally generated are eliminated (Lance-Jones, 1982; 

Oppenheim, 1986). The peak in cell death occurs at E15.5 and the MNs die via 

apoptosis, a series of biochemical events including: Bax translocation, cytochrome c 

release, caspase 3 activation, chromatin and cytoplasmic condensation, membrane 

blebbing, and DNA fragmentation (Kerr et al., 1972; Clarke, 1990; Oppenheim, 

1991; Li et al., 2001(Lance-Jones, 1982; Oppenheim, 1986).   
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 SUMMARY OF PROGRAMMED CELL DEATH 

 Discover of MN Programmed Cell Death 

 During development, MNs are produced in excess and supernumerary cells 

are eliminated temporally and spatially by PCD (Oppenheim, 1991).  The discovery 

of MN PCD began with the amputation of the limb-bud targets of sensory and motor 

spinal neuron, resulting in reduced numbers of neurons that innervate the limbs 

(Shorey, 1909).  Initially, the excessive cell death was attributed to failure of the 

neurons to differentiate; however, repeated experiments concluded that PCD is a 

natural process that is exaggerated with limb bud removal (Hamburger and Levi-

Montalcini, 1949). PCD is necessary for proper development of the nervous system 

and has been described in chick, rat, mouse and human embryos (Hamburger, 

1975; Chu-Wang and Oppenheim, 1978b; Lance-Jones, 1982; Harris and McCaig, 

1984; Forger and Breedlove, 1987b). Approximately 60% of all mouse lumbar MNs 

generated undergo PCD between E13 and E18, with the peak occurring at E15.5 

(Lance-Jones, 1982).  It is not clear as to why the excess MNs are produced to be 

eliminated, but a plausible theory is the quantitative matching hypothesis which 

ensures that the MN numbers are appropriate to meet the needs of those muscles 

that they innervate (Hamburger, 1975; Lamb, 1979; Hamburger V, 1982). Injection of 

horseradish peroxidase (HRP) into the limb musculature for retrograde transport to 

the MNs identified that all MN make contact with the target, therefore the competition 

that occurs once the MNs arrive at the target may contribute to cell death 

(Oppenheim and Chu-wang, 1977). The process of PCD is highly conserved and 
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necessary for maturation, but the mechanisms by which this occurs are not fully 

understood and it is important to elucidate the mechanisms of MN cell death as the 

process may be recapitulated in pathology. 

Cell death can follows a number of morphological pathways that have been 

classified into: type I or apoptosis, type II or autophagic , and type III non-

lysososomal vesiculate (Clarke, 1990). The MNs that die during PCD do so following 

an apoptotic cascade that is characterized by: cell shrinkage, membrane blebbing, 

chromatin condensation, and nuclear fragmentation (Kerr et al., 1972). The cells die 

using an apoptotic cascade and follow a  highly conserved genetic pathway (Horvitz, 

1999). Conversely, following cell stress or injury cells die via necrosis and exhibit 

organelle dilation, cellular swelling, and rapid membrane rupture (Golstein and 

Kroemer, 2007). Cellular debris from apoptosis is taken up by local phagocytosis, 

but during necrosis the cells initiate an immune response (Savill and Fadok, 2000). 

In response to stress, injury, and in PCD cells can also undergo phagocytic cell 

death, which is characterized by double membrane autophagic vesicles that engulf 

cellular organelles and misfolded proteins (Schweichel and Merker, 1973). The 

death of neurons in response to neurodegeneration may follow the  apoptotic 

pathway; and the mitochondria is a common locus  for the death promoting signals 

(Bredesen et al., 2006; Kroemer et al., 2007; Oppenheim., 2005 ).   

Neurons are produced in excess during development and the neurotrophic 

hypothesis implicates a number of target derived trophic factors that provide signals 

to promote survival via intact nerve fibers (Levi-Montalcini and Hamburger, 1951). 

The elimination of lumbar MNs pools during PCD may be in response to the initiation 
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of unique signaling cascades. The signaling cascades may respond to the presence 

or absence of trophic support. During embryonic development all MNs make contact 

with their target muscle, suggesting that the MNs that do not maintain contact are 

unable to acquire trophic derived support and undergo PCD (Oppenheim and Chu-

wang, 1977). The MNs that survive during PCD and following pharmacological 

perturbations are dependent on the target, glia, and afferent derived input for 

survival (Oppenheim, 1996). Nerve growth factor (NGF) was the first neurotrophic 

factor discovered and injection of radiolabeled NGF into the muscles of newborn and 

adult mice accumulates in the sympathetic ganglia, but neurotoxicity with 6-OHDA 

can inhibit the retrograde transport of NGF (Angeletti et al., 1972; Johnson et al., 

1979). The signaling response elicited by the presence of trophic support may 

provide the surviving cells with the opportunity to thrive.  

 

JNKs function in axonogenesis 

JNK has also been implicated in regulating events that lead to neurite 

outgrowth and axon regeneration (Yao et al., 1997a; Kenney and Kocsis, 1998; Kita 

et al., 1998; Newbern et al., 2007; Barnat et al., 2010). Activated JNK is localized in 

the axon of hippocampal neurons in vitro and inhibition of JNK attenuates 

axonogenesis, demonstrating that JNK is required for formation of the axon (Oliva et 

al., 2006). Additionally, in JNK1, JNK2, or JNK3 KO animals hippocampal, but not 

cortical neurons have shorter neurites (Eminel et al., 2008). Using DRGs from JNK1, 

JNK2, or JNK3 KO animals, it was demonstrated that JNK2 and JNK3 are required 
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for axon initiation, while JNK1 and JNK2 are necessary for elongation of the axon 

(Oliva et al., 2006; Barnat et al., 2010). 

 

MECHANISMS OF PCD 

All the MNs to be eliminated during PCD will do so before birth with no cell 

death occurring postnatally (Oppenheim, 1986). Although MNs are among the 

longest living cells in the body, some pathological states result in abnormally 

occurring MN cell death. The mechanisms by which massive numbers of MNs die 

during development and in pathological events may be the same (Oppenheim, 1986; 

Oppenheim et al., 1986).  Defining the cellular and molecular mechanisms that 

mediate MN death have  been studied extensively in our laboratory using  isolated 

embryonic chick MNs treated with or without muscle extract, this has served as a 

model for the study of MN cell death in vitro (Milligan et al., 1994). In the presence of 

muscle extract MNs have a large phase bright nucleus and extensive neurite 

outgrowth; conversely, without muscle extract MNs die within 48 hours through a 

process that requires new protein synthesis  (Milligan et al., 1994). Using the 

embryonic chick MN model, it was shown that during cell death: Bax translocates 

from the cytosol to the nucleus, cytochrome c (cyto c) is released from the 

mitochondria to the cytosol, followed by caspase 9 activation of caspases 3 (Li et al., 

2001). These studies have elucidated  the sequence of events that lead to MN death 

via apoptosis.  

Our lab and others have worked to investigate the molecular pathways 

involved in the execution phase of MN cell death. The apoptotic signals can be 
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classified into extrinsic and intrinsic. Extrinsic signaling is mediated by the activation 

of cell surface receptors that transmits the signal, verses intrinsic which is initiated 

by intracellular signals that launch the death cascade. MNs that undergo PCD do so 

via the intrinsic mechanism (Li et al., 2001). 

The Bcl-2 family of proteins  is composed of both pro-and anti-apoptotic 

members that regulate PCD (Adams and Cory, 1998). The pro-apoptotic and anti-

apoptotic Bcl-2 family of proteins regulate the membrane permeability of the 

mitochondria and the release of cyto c (Reed JC, 2002). Bcl-2 and Bcl-XL are 

inhibitors of cell death and Bax is proapoptotic (Tsujimoto et al., 1987; Oltvai et al., 

1993; Gonzalez-Garcia et al., 1994). Cyto C is released from the mitochondria to the 

cytosol and plays a key role in cell death (Kluck et al., 1997; Yang et al., 1997c; 

Zhivotovsky et al., 1998; Li et al., 2001). Once cyto C has been released into the 

cytosol it binds to apoptotic protease activating factor 1 (Apaf-1), this complex binds 

to and activates procaspase-9 in the presence of deoxyadenosine triphosphate 

(dATP), activation of capsase-9 cleaves procaspase-3 leading to active caspase -3 

(Li et al., 1997; Zou et al., 1997; Zou et al., 1999; Li et al., 2001).   

The caspase family, considered amongst the most highly conserved 

participants in PCD, is expressed in a variety of animals from worms to humans 

(Cryns and Yuan, 1998; Li and Yuan, 1999; Kuan et al., 2000b). Caspase-9 induces 

caspase 3 to elicit nuclear changes in mitotically active or immature developing 

neurons; however, in the KO mouse models of caspase-3 or caspase-9, lumbar MN 

loss occurs through a nonapoptotic morphology (Kuida et al., 1996; Hakem et al., 

1998; Kuida et al., 1998; Kuan et al., 2000b; Roth et al., 2000; Li et al., 2001). 
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Further evidence has supported the existence of a conserved core of pro-apoptotic 

genes and PCD is reduced in mice lacking:  caspase-3, caspase-9, cytochrome c, or 

Apaf-1 (Kuida et al., 1996; Cecconi et al., 1998; Hakem et al., 1998; Kuida et al., 

1998; Yoshida et al., 1998; Kuan et al., 2000a; Hao et al., 2005). These data 

suggest that MN PCD via apoptosis is perturbed in the absence of individual 

components of the apoptotic pathway.  

 Moreover, genetic perturbations of some of the components of the apoptotic 

biochemical pathways have significantly reduced or prevented PCD in neuronal 

populations (Knudson et al., 1995; White et al., 1998; Sun and Oppenheim, 2003; 

Jacob et al., 2005). The MNs that are produced in excess in the Bax KO make 

contact with the target, but the MN soma area and myelinated axons are smaller in 

the excess neurons (Buss et al., 2006). In the myogenin glial cell line derived 

neurotrophic factor (Myo GDNF) transgenic mouse MNs are rescued, but the 

animals have reduced percentages of myosin IIb fibers, reduced muscle fiber 

diameter, and reduced muscle mass (Buss et al., 2006). These data suggest that the 

system maintains a level of plasticity, but the interaction of the MN and the number 

of muscle fibers is critically important for maturation and maintenance. 

 Genetic deletion of caspase-3, caspase-9, or Apaf-1 does not affect neuronal 

numbers and PCD occurs at the same extent as WT, but the neurons exhibits an 

autophagic morphology. Genetic deletions of many of the components of the 

apoptotic cascade are not able to ultimately preserve MN number and function in 

vivo, suggesting that molecules upstream of the apoptotic pathway maybe 

candidates to alter the extent of PCD. An alternate approach to inhibit PCD might be 
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to target signaling cascades upstream of the mitochondrial alterations. A better 

understanding into the upstream signal transduction pathways and mechanisms that 

mediate neuronal death during development may provide clues into preventing 

neurodegeneration. 

 

A role for JNK in apoptosis 

JNK contributes to the regulation of cell proliferation and apoptosis, and  may 

regulate embryonic morphogenesis (Davis, 2000). JNK can also phosphorylate anti-

apoptotic and pro-apoptotic members of the Bcl-2 family to promote or suppress 

apoptosis (Maundrell et al., 1997; Lei and Davis, 2003; Yu et al., 2004). The anti-

apoptotic proteins Bcl-2 and Bcl-xL are phosphorylated by JNK (Maundrell et al., 

1997; Yamamoto et al., 1999; Fan et al., 2000; Kharbanda et al., 2000; Deng et al., 

2001). JNK1 can serve as a regulator of Bcl-2 and may be important for cell survival 

following stressful stimuli (Deng et al., 2001). Sustained activation of JNK activity 

modulated the anti-apoptotic effects of Bcl-2 and Bcl-xL, suggesting that JNK plays a 

pivotal role in the function of the Bcl-2 family (Park et al., 1997; Jeong et al., 2008). 

These data demonstrate the JNKs are key components of networks that mediate 

critical signaling in cell apoptosis. 

 

TROPHIC FACTORS AS REGULATORS OF PCD 

The  discovery of PCD as a natural process prompted research that led to the 

idea that the limb provides a trophic signal that promotes and maintains neuronal 

survival (Hamburger and Levi-Montalcini, 1949). A correlation between the number 
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of myotube clusters at the onset of cell death and the number of MNs that survive 

was established, indicating that  myotube number limits MN survival possibly via a 

myotube derived factor that is taken up by intact NMJs (Tanaka and Landmesser, 

1986). Without the skeletal musculature of the wing, the number of MNs is 

decreased by 75%, demonstrating that the presence of muscle is important for MN 

survival (Phelan and Hollyday, 1991). In a transgenic mouse model that has gradual 

ablation of muscle between E12.5 and E18.5, almost all MNs were lost by E18.5, 

providing additional evidence that the surviving MNs are dependent on the target 

skeletal muscle for survival (Grieshammer et al., 1998). These data demonstrate 

that the MNs that survive are critically dependent on the target muscle that it 

innervates, but the factors that mediate this survival are diverse. The continued 

investigation of MN PCD, its target skeletal muscle, and the intracellular signals that 

preserve these interactions are necessary. 

 

Neurotrophic factors as regulators of PCD 

The target muscle secretes neurotrophic factors at intact NMJs to establish 

the ratio between the muscle and the MNs. If the limb bud is removed the numbers 

of MNs in the SC that survive are reduced, conversely addition of a limb bud 

increases the surviving MNs of the SC (Hamburger, 1934, 1939). These data 

demonstrate that signals derived from the target skeletal muscle assistant in the 

maintenance of MNs. 

A number of neurotrophic factors may promote the survival of MNs. Removal 

of descending afferent input results in enhanced cell death, but many factors were 
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able to promote survival following deafferentation, including:  brain extract (BEX), 

muscle extract (MEX), nerve growth factor (NGF), brain-derived neurotrophic factor 

(BDNF), neurotrophin-3 (NT-3), S-100, insulin like growth factor-1 (IGF-1), cilliary 

neurotrophic factor (CNTF), platelet derived growth factor (PDGF), basic fibroblast 

growth factor (BFGF), and leukemic inhibitory factor (LIF) (Okado and Oppenheim, 

1984; Yin et al., 1994). These data demonstrate that a number of trophic factors 

from a variety of sources regulate MN numbers during PCD. These factors may 

activate common intracellular signaling pathways to promote MN survival. 

  

NEUROMUSCULAR ACTVITY DURING MN DEVELOPMENT 

Development of the Neuromuscular System 

The beginning of MN cell death occurs concurrently with the initiation of 

neuromuscular activity in the embryo (Hamburger, 1963; Oppenheim and Nunez, 

1982). Chronic paralysis of the chick, mouse, and rat embryo with neurotoxins 

results in a substantial increase in MN number during the period of PCD (Laing and 

Prestige, 1978; Pittman and Oppenheim, 1978; Pittman and Oppenheim, 1979; 

Harris and McCaig, 1984; Houenou et al., 1990). Neuromuscular activity regulates 

the availability of muscle-derived trophic support and is necessary for the survival of 

MNs in the embryo (Oppenheim, 1985). In the developing neuromuscular system 

cooperation of the muscle, the rate of neuromuscular activity, and the amount of 

trophic factor released establish appropriate MN numbers. The interaction provides 

evidence that an intact neuromuscular system is essential for MN survival. 
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NECESSITY OF AN INTACT NEUROMUSCULAR SYSTEM 

In addition to muscle mass and activity, neural innervation has an important 

role in the regulation of available trophic factors, and this process may be 

differentially regulated in embryonic and postnatal development (Houenou et al., 

1991).  Skeletal muscle extracts can rescue chick MNs in ovo; however, in the 

absence of skeletal muscle trophic signals from other tissues are sufficient to 

support less that 10% of MNs (Oppenheim et al., 1993; Grieshammer et al., 1998).  

These data indicate that the interaction between intact muscle and MNs is critical to 

MN survival.  

 

Experimental Neuromuscular Activity Blockade 

MNs are produced in the appropriate number following limb bud removal, the 

MNs migrate to the appropriate location; however, cell death is increased to 90% 

MN loss in the absence of the limb bud (Caldero et al., 1998). Treatment of chick 

embryos with neurotrophic factors or muscle extract following limb bud removal 

rescued MNs from cell death (Oppenheim et al., 1993; Barnes et al., 1998; Caldero 

et al., 1998). Collectively, these data provide evidence for the necessity of soluble 

factors from the target muscle that are essential to sustain MN survival.  

The MN-target connection elicits muscle activity and the trophic factors that 

are derived from the muscle reach the MNs presumably through intact NMJs (Banks 

and Noakes, 2002). Curare and botulinum toxin (BTX) treatment decrease the 

amount of acetylcholine (ACh) available to the receptors; reduce muscle contraction, 

motility, and activity; and increase MN survival during PCD (Pittman and 
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Oppenheim, 1978). Increased survival of MNs following the blockade of activity is 

thought to amplify the production or availability of target derived trophic factors 

(Pittman and Oppenheim, 1978; Pittman and Oppenheim, 1979; Oppenheim, 1987; 

Okada et al., 1989).  In the muscular dysgenesis mutant mouse, the muscles 

progressively degenerate and the mice have no spontaneous activity; however, the 

number of MNs that die is decreased during PCD (Pai, 1965b, a; Oppenheim et al., 

1986). In the chick embryos that are treated with neuromuscular blockade, the MNs 

are retained after hatching, in the presence of activity, suggesting that the 

maintenance of MNs is different before and after hatching (Oppenheim, 1984). 

These data demonstrate the necessity of activity in the regulation of MN numbers 

during the period of PCD. 

 A role for skeletal muscle in MN survival has been established, and if the 

muscle is removed during embryonic development or if injury occurs before P14, 

excessive MNs will die (Li et al., 1994; Caldero et al., 1998; Grieshammer et al., 

1998). Conversely, if muscle is added ectopically, supernumerary MNs will survive 

(Hamburger, 1939). During the second postnatal week, around postnatal day 14, the 

MN becomes target independent (Houenou et al., 1994). Somite removal from the 

wing bud renders the wing muscleless and reduce MN numbers to 25% (Phelan and 

Hollyday, 1991). In the myogenic (Myog) KO only primary myotubes develop 

resulting in formation of 20% of the skeletal muscle and the MN numbers are 

reduced to 60% at E18 (Venuti et al., 1995; Brennan et al., 1996). Other trophic 

factors are also important, in mice lacking Schwann cells due to a deficiency of the 

ErbB3 gene, MNs are  reduced to 80% at E18.5 (Riethmacher et al., 1997).  
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Collectively, these data demonstrate the importance of the interaction of the MN and 

muscle during development. 

 

SUMMARY OF MUSCLE DEVELOPMENT  

 Skeletal muscle, the target of MNs, is derived from the embryonic 

mesenchyme of the somites. The first signs of myosin synthesis occur at E9 in the 

mouse embryo (Jockusch, 1984). Myoblasts proliferate in the limb bud and form 

large pre muscle masses, that are subsequently separated by connective tissue to 

become individual muscles (Kelly and Zacks, 1969; Landmesser, 1978). Myoblasts 

condense in two waves; primary myotubes are produced first and provide scaffolding 

for the numerous secondary myotubes (Kelly and Zacks, 1969; Rubinstein and Kelly, 

1981).  

Motor axons arrive by E12, while the primary myotubes are being formed and 

innervate all of them (McLennan, 1982; Tanaka and Landmesser, 1986; Jansen and 

Fladby, 1990). After a lag of 2 to 4 days the primary myotubes preferentially 

differentiate into slow fibers, while secondary myotubes most often become fast 

fibers (Ontell and Kozeka, 1984; Ross et al., 1987; Fredette and Landmesser, 1991). 

The fibers are classified into type I, slow, or type II, fast contracting, based on the 

myosin heavy chain composition (MHC) (Crow and Stockdale, 1986; Dhoot, 1986; 

Hoh et al., 1988; Hughes et al., 1993; Talmadge et al., 1993).  

In the adult skeletal muscle there are four MHC isoforms:  the slow MHC I is 

encoded by myh7 on chromosome 14; the fast MHC IIa, fast fatigue resistant, is 

encoded by myh2 on chromosome 11; the MHC IIx, fatigue resistant intermediate, is 
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encoded by myh1 on chromosome 11; and MHC IIb, fast fatigable, is encoded by 

myh4 on chromosome 10 (Weydert et al., 1985; Remmers et al., 1996; Winters et 

al., 1998; Weiss et al., 1999). More recently the types of muscle can also be divided 

into the delayed synapsing (DeSyn), intermediate synapsing (IntSyn)  and fast 

synapsing (FaSyn) forms (Pun et al., 2002).  The DeSyn corresponds to the 

traditionally termed slow fiber type, the IntSyn relates to the fast fatigue resistant and 

the fatigue resistant intermediate, and the FaSyn to the fast fatigable. 

The muscle fiber phenotype may be influenced by the MN innervating it, 

suggesting that the axon plays a role in muscle differentiation (Buller et al., 1960; 

Salmons and Sreter, 1976). The nerve fiber is also necessary for the maintenance of 

fiber type differentiation, with denervation leading to the progressive conversion of 

faster fibers to slower fibers (Sohal and Holt, 1980; Hoh et al., 1988; Hughes and 

Ontell, 1992). In addition to muscle fiber type and neuron innervation, nicotinic 

acetylcholine receptor subunits (nAChRs) are required for the activity of the 

neuromuscular system. 

 

SUMMARY OF THE FORMATION OF THE NMJ 

 Synaptogenesis is a complex process that involves axon path finding of the 

presynaptic components of the MN those juxtapositions itself to the postsynaptic 

nAChRs. A core pathway has evolved that in responsible for the initiation and 

stabilization of the presynaptic and postsynaptic elements of the neuromuscular 

junction (NMJ).  

Myoblast arise from somites and fuse to form myotubes. The myotubes 
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develop in two waves and all of the primary myotubes are innervated by motor 

axons. The axons stops growing and differentiate to form the presynaptic terminals 

that become ensheathed by Schwann cells. Neurotransmission is initiated and the 

interactions between the presynaptic and postsynaptic components of the NMJs 

strengthen the synapse. The muscle forms aneural AChR cluster along the length of 

the fibers and the nerve growth cone contacts and  strengthens the AChR cluster, 

while  aneural AChR clusters are eliminated (Kummer et al., 2006). ). Agrin is 

released from the nerve terminal and it activates the muscle specific tyrosine kinase 

(MuSK) in the postsynaptic membrane;  activation participates in the localization and 

aggregation of the AChRs through the cytoplasmic anchor rapsyn (Sanes and 

Lichtman, 2001). At the synaptic nuclei agrin and ACh are released from the axon 

and bind the Lrp4/MuSK and AChR receptors respectively, to regulate the 

transcription of the nAChRs. The nonsynaptic, aneural nuclei endocytosis their 

AChR clusters (Wu et al.).  The interaction between the agrin and MuSK 

components stabilize and strengthen the postsynaptic components of the NMJ. 

  

SUMMARY OF THE MATURATION OF THE NMJ 

 The NMJ is plastic throughout life, with the NMJs of juvenile animals being 

smaller than adults (Ma et al., 2002). There is a positive correlation between the size 

of the NMJ, the amount of the transmitter released, and the size of the muscle fiber, 

termed the size matching hypothesis. The size matching hypothesis suggests that 

the amount of ACh released at the NMJs influences the size of the muscle fiber and 

correlates to the size of the NMJ (Kuno et al., 1971; Harris and Ribchester, 1979; 



     26  

Nudell and Grinnell, 1983; Wernig and Herrera, 1986).  As the muscle grows, the 

junction becomes less able to drive the muscle to contraction, to combat this 

phenomenon the nerve terminal size and the fiber size are in a steady state (Barker 

and Ip, 1966; Hill et al., 1991). As the muscles grows, the NMJ expands by 

intercalation of AChR subunits on the postsynaptic side and the presynaptic axon 

adjusts accordingly (Balice-Gordon and Lichtman, 1990). The synapse remains 

flexible and compensates for the changes in the size of the postsynaptic cells, while 

the MN compensates by growing at the axon (Wernig and Herrera, 1986). For 

example, the sizes of some rodent muscles change seasonally and NMJs of the 

bulbocavernous muscle can be manipulated by androgens (Wainmain, 1941; Forger 

and Breedlove, 1987a). The plasticity of the NMJ is also important in the restoration 

of function following nerve or muscle damage, reinnervation occurs with growth of 

the axon presynaptically and intercalation of new receptors postsynaptically (Santos 

and Caroni, 2003). Following injection of BTX there are increases in NMJ area as a 

compensatory mechanism to elicit activity (Ma et al., 2004). The NMJ is a well 

developed synapse and it maintains a dynamic equilibrium that can be modified by 

activity throughout life. 

 

SUMMARY OF ACETYLCHOLINE 

 Acetylcholine (ACh) is the transmitter that is released at the MN terminal in 

multimolecular quanta of 5-10,000 molecules in each synaptic vesicle (Hartzell et al., 

1976). Each nerve terminal has between 250,000 and 350,000 vesicles at the active 

zone (Reid et al., 1999).  Each nerve impulse is triggered by; an increase in calcium, 
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release of a number of ACh vesicles, initiation of a positive flow of ions into the 

postsynaptic membrane, and transient depolarization. ACh is co-stored with ATP 

and the release of the vesicles activates the nAChR receptor while the adenosine 

produced from the ATP feeds back to decrease the number of vesicles released 

(Zimmermann, 1994; Slutsky et al., 2003). The release of ACh from the presynaptic 

terminal and activation of the NMJ may stabilize the receptors through receptor 

mediated phosphorylation (Nelson et al., 2003). 

  

ACETYLCHOLINE RECEPTOR SUBUNITS 

Nicotinic acetylcholine receptors (nAChRs) are integral membrane proteins 

that respond to the binding of Ach, released from cholinergic neurons. The nAChRs 

can be divided into two groups: the muscle type and the neuronal type. The muscle 

type is found in the vertebrate skeletal muscle mediating neuromuscular 

transmission, and will be the focus of discussion here. In vertebrates the nAChRs 

are packed at a density of about 10,000/m2 in a crystalline array (Fertuck and 

Salpeter, 1976; Heuser et al., 1979). The isolation and characterization of the 

nAChRs was made possible by the discovery of bungarotoxinBtx), in venom 

from Bungarus multicinctus, which binds to a class of nAChRs (Kasai et al., 1969; 

Miledi et al., 1971). 

Each nAChR is made of five subunits organized around a central pore. In 

fetal muscle the nAChRs are made of: two 1 subunits, one 1 subunit, one 

subunit, and one subunit however by P14 in the mouse model the 

 subunit resulting in the subunit composition 
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(Raftery et al., 1980; Mishina et al., 1986; Witzemann et al., 1987). The 

ACh binding pocket of the nAChR is formed between the subunit and the adjacent 

/andsubunits; the or subunits also play a role in maintaining the interaction 

between the 1 subunits (Sine and Claudio, 1991; Unwin, 2005).  Thesubunit is 

important in nAChR subunit clustering, with phosphorylated subunits and 

glycosylated subunits increasing the efficiency of nAChR subunit assembly (Green 

et al., 1991; Wheeler et al., 1994; Ramanathan and Hall, 1999).  

The fetal to  adult receptor type switch confers a 39 to 59pS single-channel 

conductance switch with an increase in Ca2+ influx from 10.4 to 5.3 ms open time, 

respectively (Mishina et al., 1986). The to switch coincides with other postnatal 

events in the maturation of the NMJ, such as the transition from polyinnervation to 

monoinnervation of each muscle fiber, morphological elaboration at the endplate, 

and formation of junctional folds (Missias et al., 1997; Yumoto et al., 2005). 

Expression of thesubunit is regulated by neurotrophic factors, while the 

expression is regulated by electrical activity and neurotrophic factors; the   

expression can be induced following denervation and paralysis (Witzemann et al., 

1987; Missias et al., 1996). The changes of nAChR subunits are dynamic and can 

be modified throughout life; the neuromuscular system can be altered in the disease 

state as well as with normal aging.  

 

A role for JNK in NMJ formation 

JNK can also mediate events between MNs and the target skeletal muscle. 

Formation of the neuromuscular junction (NMJ) is a dynamic interaction between the 
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axon from the MN and the muscle fiber it innervates. The neuregulin-induced 

expression of the nAChRsubunit may be regulated by JNK in vitro (Si et al., 1999). 

JNK overexpression has been shown to: trigger growth of the NMJ, decrease the 

releases of neurotransmitter, and alter the composition of the presynaptic 

components (Etter et al., 2005). Collectively, these data provide evidence for a JNK 

role in the synaptogenesis and development of the neuromuscular system. 

JNK has a role in MN death, MN regeneration, and muscle development, 

suggesting that the location, context, and isoform of JNK being activated may 

regulate its activity (Si et al., 1999; Etter et al., 2005; Newbern et al., 2007). Based 

on previous in vitro work from our laboratory, the experiments in this dissertation are 

focused on the role of the JNK1 and JNK2 isoforms in lumbar MN maturation and 

maintenance in vivo. These experiments may provide insight into pathways involved 

in neurodegeneration. 

 

NEUROMUSCULAR DEGENERATION IN PATHOLOGY 

In many neuromuscular diseases, a common feature is the decline in the 

function of the neuromuscular system through MN degeneration and progressive 

muscle wasting. The process of MN degeneration may mirror the biochemical 

actions seen in PCD and may be correlated to impaired neuromuscular 

transmission. When neuromuscular transmission is impaired, the result is muscle 

weakness that can ultimately lead to paralysis. Some of the contributing factors may 

be: the molecular complexes, their localization, composition, and the size of the 

NMJ, which may lead to MN degeneration. Pathologies that affect the size and 



     30  

structure of the NMJ can be both inherited and acquired. Mutations in the DOK7 

gene lead to a recessive congenital myasthenic syndrome that is characterized by 

small simplified NMJs (Beeson et al., 2006; Slater et al., 2006). The mechanisms 

that mediate the decline in neuromuscular transmission and function may be linked 

to intracellular signaling pathways. 

 

 PATHWAYS INVOLVED IN NEURODEGENERATION 

Neurodegenerative diseases that affect the MNs are broadly known as the 

motor neuron diseases (MNDs). The MNDs are progressive and disruptions in the 

signal from the MN to the muscle can result in gradual muscle weakening and 

wasting away. The MNDs can either be acquired or inherited, but the prognosis is 

the same. The MNDs can occur in all age groups, but some factors that contribute to 

the acquired MNDs may be: environmental, toxic, viral, or genetic factors. There is 

no cure for the MNDS, and they can be fatal, as in the case of amyotrophic lateral 

sclerosis (ALS) or progress slowly as in primary lateral sclerosis. The most common 

MNDs include:  ALS, progressive bulbar palsy, primary lateral sclerosis, spinal 

muscle atrophy (SMA), and progressive muscle atrophy. A focus of research has 

been on better diagnosis, prevention, treatment, and cures for the MNDs. 

MNs initially need neurotrophic factors for survival, which bind to and activate 

tyrosine kinase receptors to elicit intracellular signaling pathways. The signal is 

propagated to cytoplasmic and nuclear proteins to produce a biological response. 

Several signaling pathways have been indentified that are involved in the survival 

and maintenance of MNs. These pathways include: PI3K, Akt, Ras/Raf, and MAPK 
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(Newbern et al., 2005; Frebel and Wiese, 2006; Newbern et al., 2007). The dynamic 

interplay of the pathways is complex and disregulation may lead to MN 

degeneration.  

 

The JNK pathway in neurodegeneration 

Deviation from the regulated control of the JNK pathway may be implicated in 

a number of neurodegenerative diseases. Alzheimer’s disease (AD) is characterized 

by the loss of cognitive and memory function, AD thought to result from the 

formation of plagues that contain amyloid-and neurofibrially tangles that contain 

the microtubule associated protein tau (Giacobini and Becker, 2007; Reid et al., 

2007; Tabaton and Tamagno, 2007).The phosphorylation of tau may be mediated 

by JNK and its hyperphosphorylation leads to the formation of neurofibrillary tangles 

as seen in AD (Perez et al., 2008; Wang and Liu, 2008). A risk factor in AD is 

oxidative stress triggered by reactive oxygen species (ROS), and ROS are activators 

of the JNK pathway (Zhu et al., 2002; Tabner et al., 2005). ASK1 forms a signaling 

complex with JIP1 and JNK1 in transgenic amyloid precursor protein (APP) mice 

that can induce neuronal apoptosis (Leyssen et al., 2005; Galvan et al., 2007). In the 

rat hippocampus treatment with amyloid-increases the expression of pJNK and c-

Jun, suggesting that amyloid-induced cell death is mediated by JNK (Minogue et 

al., 2003). 

Parkinson’s disease (PD) is characterized by accumulation of Lewy bodies 

and loss of dopaminergic neurons in the substantia nigra, resulting in resting 

tremors, rigidity, and akinesis (Gandhi and Wood, 2005; Poewe, 2008). The 
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neurotoxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), is widely used to 

induce PD and it induces activation of ASK1 and the JNK pathway in dopaminergic 

neurons (Beal, 2001; Karunakaran et al., 2007). JNK2 and JNK3 deficient mice are  

resistant to MPTP induced cell death, implicating an isoform specific role for JNK2 

and JNK3 in PD (Hunot et al., 2004). The neuroprotective function of parkin is 

mediated through the inhibition of the JNK signaling pathway (Cha et al., 2005). 

Collectively, these data implicate that the JNK pathway has a role in the pathology of 

PD. 

The process of cell death in neurodegeneration may model the death of 

neurons during the highly conserved period of neuronal PCD. Our laboratory has 

focused on lumbar MN PCD and this dissertation will investigate the role of the JNK1 

and JNK2 isoforms in lumbar MNs in vivo, beginning with development. The role of 

JNK may be cell, context, and isoform specific but appears to be important in 

development and pathology. A comprehensive study investigating the role of JNK in 

MN development has not been performed. In this dissertation the role on the JNK1 

and JNK2 isoforms in lumbar MN maturation and maintenance in vivo was 

investigated. The JNK1 and JNK2 isoforms, due to their ubiquitous expression, were 

the focus of the experiments presented here.  The hypothesis is that the JNK1 and 

JNK2 isoforms differentially regulate events associated with MN maturation and 

maintenance. Our aim was to elucidate the isoform specific role of JNK1 and JNK2 

isoforms in lumbar MNs in vivo throughout development.  

  

http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Phenyl
http://en.wikipedia.org/wiki/Pyridine
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CHAPTER II 

 

MATERIALS AND METHODS 

 

JNK1 OR JNK2 ANIMALS  

All animal experiments were approved by the Wake Forest University Animal 

Care and Use Committee. Homozygous JNK1 KO, JNK1 WT, JNK2 KO and JNK2 

WT animals were initially obtained from Thomas Herdegen at the University of Keil, 

Germany. Subsequent heterozygote JNK1 (JNK1HT) animals were obtained from 

the Jackson laboratory (Bar Harbor, ME). The JNK 1 HT mice were bred to generate 

JNK1 KO, JNK1 HT, and JNK1 WT animals.  

JNK1 KO mice were generated using a target construct that subcloned 

HindIII-Xmnl fragments containing the first 73 amino acids of JNK1 in-frame with the 

lacZ gene in the pGNA vector. The diphtheris toxin A gene and the MCI protoerm in 

the pGNA containing Jnk1 sequences were used as negative controls (Gupta et al., 

1996). E14.1 embryonic stem (ES) cells were electroporated with Pme1 linearized 

jnk1 target, selected using 300 g/mL G418, and screened for homologous 

recombination using Southern blotting (Dong et al., 1998; Sabapathy et al., 1999b). 

The DNA from the ES cells was digested with HindI and probed for fragments from 

the target alleles; target ES cells were injected into blastocytes of C57BL/6J mice, 

and transmitted efficiently to the germline (Dong et al., 1998; Sabapathy et al., 

2001). 
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The JNK2 KO mice were generated by isolating four JNK2 cDNAs that 

corresponded to the JNK21, JNK22, JNK21, and JNK22 (Gupta et al., 1996). 

JNK2 genomic clones were isolated, deleted and replaced with a PGK neo-cassette 

(Yang et al., 1997a). The resulting target vector to pJNK2KO was linearized and 

electroporated into ES cells, selected using G148 and gancyclovir, and 

characterized by Southern blot analysis. The ES cells were probed for fragments 

with the target alleles using EcoRI-BanHI, injected into blastocytes of C57Bl/6J mice, 

and the germline was transmitted (Yang et al., 1998a).  

The mice were weaned at postnatal day 21 (P21), separated by sex, and 

genotyped. DNA was obtained from tail clips and extracted using alkaline lysis buffer 

(Truett et al., 2000).  The DNA was then amplified using JNK primers to sequences: 

CCA GCT CAT TCC TCC ACT CAT G, CCA GGC TCT CCT CAT CTT CA, and 

TCA CCA CAT AAG GCG TCA TC for JNK1; and GGA GCC CGA TAG TAT CGA 

GTT ACC, GTT AGA CAA TCC CAG AGG TTG TGT G, CCA GCT CAT TCC TCC 

ACT CAT G for JNK2. The DNA was separated on a 2 % agarose gel. The JNK1 

WT band appeared at 378 bp, JNK1 HT was at 378 and 260 bp, and JNK1 KO at 

260 bp; JNK2 KO appeared at 270 bp and JNK2 WT at 375 bp.  

 

WESTERN BLOT ANALYSIS 

 Lumbar spinal cord tissue was dissected from mice at P0 and P180 and 

homogenized in nondenaturing lysis buffer. Protein concentration was determined 

using a modified Lowry assay (Lowry et al., 1951).  Once protein concentration was 

determined, 25 g of spinal cord lysate was resolved on a 12% polyacrylamide gel, 
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and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, 

MA). The membrane was blocked overnight in 5% milk in TBS-T at 40C and 

incubated with primary antibodies to JNK1, JNK2, JNK3, total JNK, pJNK (Cell 

signaling, Boston, MA) and actin (Chemicon, Bedford, MA) overnight at 40C . The 

secondary antibodies, HRP-conjugated IgG (Jackson ImmunoResearch, West 

Grove, PA), were applied for 1 hour at room temperature. The membranes were 

washed and developed using the Super Signal West Pico ECL kit (Pierce, Rockford, 

IL). Densitometry was done utilizing NIH image J software (U. S. National Institutes 

of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/) for two independent 

experiments. 

 

DETECTION OF CASPASE ACTVITY 

 Spinal cord lysates were homogenized in nondenaturing lysis buffer, 

sonicated, and cleared by centrifugation. Caspase 3/7 activity was measured using 

the Apo-One Homogenous Caspase 3/7 assay (Promega, Madison WI). The 

fluorescent singal was measured using a spectrofluorometer at 488/535 and 

represented as proportional change relative to WT control. 

 

HISTOLOGY 

 Mice were sacrificed at E15, P0 and P180 and the spinal cords were 

harvested and processed for MN counts. Briefly P180 mice were transcardially 

perfused with PBS (0.15M NaCl, 2.98M Na2HPO4
.7H2O, 1.03M KH2PO4) followed by 

Bouin’s fixative. E15 and P0 animals were eviscerated and immersion fixed in 

http://rsb.info.nih.gov/ij/
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Bouin’s fixative for one week. The lumbar region of the spinal cord was removed and 

embedded in paraffin. Twelve micron sections at P180 and 10m sections at P0 and 

E15 were cut on a microtome and stained with a 5% thionin solution (Chu-Wang and 

Oppenheim, 1978a). Only healthy MNs were counted in every tenth section in P180 

mice and every fifth section in the P0 lumbar cord using a well established, reliable 

method that has been validated against an optical fractionator unbiased 

stereological counting method. Healthy and pyknotic cells were counted in every fifth 

section at E15. Healthy MNs are those that lie completely in the section with a  

single nucleolus and normal MN morphology (Clarke and Oppenheim, 1995). The 

pyknotic nuclei have condensed chromatin, nuclear fragmentation, and membrane 

blebbing (Kerr et al., 1972). At least five animals were included in each group. The 

mean soma area of the thionin stained MNs was quantified using Scion Image 

software. The middle of the lumbar cord at approximately L3 was determined and 

five sections on either side were analyzed, a total of 75 randomly selected MNs were 

examined from each animal using camera lucida to trace MNs (Li et al., 1994).  

 

IMMUNOHISTOCHEMISTRY 

 Motoneuron Analysis 

Animals were transcardially perfused with PBS followed by 2% 

paraformaldehyde at P180. At E15 and P0 animals were eviscerated and immersion 

fixed in 2% paraformaldehyde. The spinal cord was dissected and cut on a cryostat 

at 1m. The slides were rehydrated with PBS and permeabilized with Triton x-100 

and blocked with 0.03% Triton x-100 and 5% normal donkey serum in 1xPBS. 
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Sections were incubated with primary antibodies overnight at 4oC in the blocking 

solution with primary antibodies to choline acetyl transferase (ChAT; Abcam, 

Cambridge, MA). The sections were rinsed and incubated with Alexa-Fluor 

secondary antibodies (Molecular Probes, Carlsbad, CA) in blocking solution for 1 

hour at room temperature. MNs were then labeled with fluorescent Nissl (Invitrogen; 

Eugene, OR), rinsed in PBS, mounted, and analyzed with standard fluorescence 

microscopy. 

 

Neuromuscular Junction Analysis 

 For analyzing hindlimb skeletal muscles immunohistochemistry was 

performed on the medial gastrocnemius (MG) and tibialis anterior (TA) muscle of 

mice at P14 and P180. Animals were transcardially perfused with PBS followed by 

2% paraformaldehyde in PBS. The muscles were dissected out and immersion fixed 

in the same fixative overnight at 4oC. Tissue was rinsed with PBS and placed in 30% 

sucrose for at least 72h at 4oC. The muscles were embedded in 3:2 sucrose/OCT 

and cut on a cryostat at 30m and stored at -20oC until use. Every fifth section was 

used and antigen retrieval was achieved using a 1% SDS pretreatment (Brown et 

al., 1996) and the sections were stained with  the presynaptic markers vesicular 

acetylcholine transporter (VAChT; Santa Cruz Biotechnology, Santa Cruz, CA), 

neurofilament heavy (NF-H; Chemicon), and neurofilament light (NF-L; Millipore) and 

the postsynaptic marker -Bungarotoxin (-BTX; Invitrogen, Eugene, OR). The 

percentage of innervated NMJs was determined by counting at least 100 NMJs from 

each animal using previously established counting criteria (Gould et al., 2006). 
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Briefly, those NMJs that stained with NF-L, NF-H, VAChT, and BTX in the merged 

image were considered innervated. We did not delineate between partial or full 

innervation. The circumference of the NMJs that stained positive for the presynaptic 

and postsynaptic components were measured. Muscle and NMJ area were 

measured using NIH Image J software (U. S. National Institutes of Health, Bethesda, 

Maryland, USA, http://rsb.info.nih.gov/ij/) to trace the areas of at least 75 NMJs and 

every 5th section of muscle. An average was obtained for each animal.  

 

BEHAVIORAL ASSAY 

 Motor ability was evaluated twice a week by examining performance on the 

paw grip endurance task (PaGE) along with weight determination from P50 until 

P180 (Weydt et al., 2003). The PaGE task is a very direct measure of motor ability. 

The animal was placed on a wire mesh inverted and the animal’s latency to fall was 

recorded over 90 seconds (Weydt et al., 2003).  

 

MYOSIN HEAVY CHAIN ISOFORM EXPRESSION 

To determine the myosin composition, myosin heavy chain electrophoresis 

was performed by dissecting, weighing, and fresh freezing P14 and P180 MG and 

TA in liquid nitrogen. The TA or MG was homogenized in nondenaturing lysis buffer 

and a sample of rat diaphragm muscle was used as a control (Serrano et al., 1996). 

Electrophoresis was performed on an  eight percent separating gel with thirty 

percent glycerol and a four percent stacking gel with thirty percent glycerol 

(Talmadge and Roy, 1993). Ten microliters of sample were subjected to 
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electrophoresis for 3 hours at 30V, 9 hours at 50V, and 15 hours at 140V. 

Separating gels were silver stained using the Silver Stain PlusTM according to the 

Bio-Rad protocol (Bio-Rad, Richmond, CA). The stained gels were photographed on 

a Bio-Rad light box. The MHC fiber type composition was analyzed using NIH image 

J software (U. S. National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/) to generate a plot profile for each muscle.  

 

REAL-TIME QUANTITATIVE REVERSE TRANSCRIPTASE POLYMERASE CHAIN 

REACTION (qRT-PCR) 

 Gene expression of nAChRnAChRand nAChR subunits were investigated 

in P14 and P180 TA and MG muscles. The animals were sacrificed and muscle 

dissected, harvested, fresh frozen in liquid nitrogen, pulverized in liquid nitrogen, and 

stored at -80oC until use. Total RNA was extracted from P14 and P180 TA and MG 

using Trizol reagent (Invitrogen, Carlsbad, CA). Quality and purity of the RNA was 

assessed with a NanoDrop ND-100 spectrophotometer (Nano-Drop Technologies, 

Wilmington, DE).  The mRNA was transcribed to cDNA in a reverse transcription 

reaction performed on total RNA (0.5 ng) using SuperscriptIII and oligo-dT primers 

(Superscript III, Invitrogen, Carlsbad, CA). cDNA amplification was done utilizing 

real-time polymerase chain reaction (qRT-PCR) with TaqMan primers from Applied 

Biosystems (Foster City, CA). The primer sequence for the target genes:  

AChR, Mm00437419-m1; AChR , Mm00437406-g1; AChR, Mm00431627-m1; 

and 18S,   HS99999901-S1 were analyzed (Applied Biosystems, Bedford, MA). The 

qRT-PCR was performed in triplicate for each sample using an Applied Biosystems 
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ABI 7900HT system. PCR amplification was performed as follows: 95 °C for 10 min, 

then 40 cycles of 95 °C for 30 s, 60 °C for 60 s, and 72 °C for 30 s, followed by one 

cycle of 95 °C for 60 s, 58 °C for 30 s, 95 °C for 30 s. 18S was used as the 

endogenous control and data were normalized to the average of the JNK WT (Apel 

et al., 2009). Negative controls, containing all reagents but no cDNAs, were included 

in each PCR reaction. 

 

STATSTICAL ANALYSIS 

Statistical analysis (Graph Pad Prism 5) in this study was blindly performed 

by obtaining the means of each group plus or minus the SEM. Intergroup 

comparisons were made using unpaired t-tests. A more conservative approach was 

considered and a separate Bonferroni corrections were calculated for each 

timepoint: E15 with =0.0167 (0.05/3), P0 with =0.0167 (0.05/3), P14 with 

0.0025 (0.05/20), and P180 with =0.0019 (0.05/27) (B. J. Winer, 1991). We did 

not use a highly conservative overall Bonferroni correction with =0.0009 (0.05/53) 

because of a large number of comparisons (Bland, 2000) . Repeated measures 

analysis of variance (ANOVA) with timepoint as the repeated factor was used to 

analyze the weight and PaGE data.  
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CHAPTER III 

 

EFFECTS OF DELETION OF THE JNK1 ISOFORM IN LUMBAR MNs AND 

TARGET INTERACTIONS 

 

VALIDATION OF THE JNK1 KO MODEL 

 JNK isoform expression in spinal cord lysates of JNK1 KO animals 

To validate the JNK1 knockout (KO) model, the expression of JNK was 

evaluated in spinal cord lysates at postnatal day 0 and 180 (P0 and P180).  At P180 

and P0 JNK1 KO animals do not express the JNK1 protein in their spinal cord 

lysates, confirming that the JNK1 KO animals do not have the JNK1 protein in the 

spinal cord. The levels of JNK3 do not appear to compensate for JNK1 isoform 

deletion and this is consistent with previous findings (Dong et al., 2001). In addition, 

the splice variants of the JNK2 and JNK3 isoforms may be differentially expressed in 

the spinal cord during development. Although this phenomenon has no been 

thoroughly investigated, it alludes to isoform specific expression and function for the 

JNKs during spinal cord development and throughout life (Gupta et al., 1996).   

JNK2 makes up the majority of the JNK in both the neonatal and adult cord of 

JNK1 wild type (WT) animals. Total and phosphorylated JNK seem to have reduced 

expression in the P0 JNK1 KO animals as compared to WT, indicating that the JNK 

signaling pathway is indeed altered with JNK deletion (Figure 3A). At P180, total and 

phosphorylated JNK appear to be decreased in the JNK1 KO (Figure 3B). These 

data imply that the absence of specific JNK isoforms may result in downstream 
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altered signaling at P0 and P180 in lumbar spinal cord lysates. The data also 

demonstrate that the JNK1 KO animals are true KOs. The differential expression of 

the isoforms in the spinal cord lysates suggests exclusive roles for the isoforms in 

vivo.  

 

Weight of JNK1 KO animals 

 The body weight of male and female JNK1 KO animals was collected three 

times a week for five months starting at P30 and ending at P180. The JNK1 KO 

females are signficantly smaller than the JNK1 WT females (Figure 4A). The weight 

of the JNK1 KO males was less than that of the JNK1 WT male at all times tested 

(Figure 4B). These data are consistent with decreased body weight seen in JNK KO 

JNK EXPRESSION IS ALTERED IN JNK1 KO SPINAL CORDS 

 

Figure 3. JNK protein, substrate, and effector protein levels at P0 and P180 in JNK1 KO 
spinal cord lysates. (A)Neonatal JNK 1 KO spinal cord protein expression. JNK 1 KOs do not 
express JNK 1 protein. JNK 1 KOs appear to have reduced phosphorylated JNK (pJNK) 
expression. Actin serves as an equal loading standard. Representative data shown. (B) Adult 
JNK 1 KO spinal cord lysate protein expression levels at P180. JNK 1 deficient animals do not 
express the JNK 1 protein. Total JNK levels are reduced in JNK 1 KOs, while pJNK is reduced in 
JNK 1 KOs. Actin is our equal loading control. Representative data shown.  
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animals (Hirosumi et al., 2002; Tuncman et al., 2006). When fed a regular diet, the 

JNK1 KO animals display no difference in plasma triglycerides, cholesterol, free fatty 

acid, and glycerol levels (Tuncman et al., 2006).  

The weight of the JNK animals was also investigated at P14, when the MNs 

are no longer dependent on the target and the muscles are mono innervated. The 

JNK1 KO animals were significantly smaller than their WT counterparts at P14 

(Figure 5). Together, these data demonstrate that JNK1 KO display reduced JNK 

expression in spinal cord lysates during development and at adulthood, 

demonstrating that they are true KOs. The weight of JNK1 KO animals as adults is 

signficantly smaller than that of JNK1 WT animals. These data implicate a role for 

JNK1 in the development and maintenance of the neuromuscular system. In 

conjunction with previous studies from our lab, these data provide evidence for the 

utility of the JNK1 KO mouse as an appropriate model to study the role of JNK1 in 

lumbar MN development. 

 

  

Figure 4. JNK1 KO animals are significantly smaller than their WT counterparts. (A). 
JNK1 KO females are constantly smaller than WT (JNK1KO female n= 6, JNK1 WT female 
n=4, p=0.0172). (B). JNK1 KO males are significantly smaller that JNK1 WT males (JNK1 
KO males n=4, JNK1 WT males n=5, p<0.0001).  
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MN NUMBERS OF JNK1 KO ANIMALS 

MNs that die during PCD transiently express c-Jun before initiation of the 

caspase cascade, possibly in an effort to begin transcription of the components of 

the death cascade (Ayala et al., 1999; Sun et al., 2005; Ribera et al., 2007). 

Therefore, we investigated lumbar MN number in embryonic and postnatal JNK1 KO 

mice. 

 

Lumbar MN numbers in JNK1 KO spinal cords at E15 

To investigate the possibility that JNK1 deletion leads to an increases in MN 

survival, MN number was evaluated using a well established method  (Chu-Wang 

and Oppenheim, 1978a). Healthy MNs that: lie within the lateral motor column, are 

the appropriate size, stained positive with Nissl, have a single nucleolus, and 

characteristic MN morphology were counted (Chu-Wang and Oppenheim, 1978a).   

MNs were counted at E15, P0, and P180. Naturally occurring MN PCD occurs 

between E13 and E18 in the mouse lumbar spinal cords with the peak of lumbar MN 

A 

Figure 5. JNK1 deletion reduces animal weight at P14. (A). The weight of JNK1 KO 
animals is significantly reduced at P14 (JNK1 KO n=10, JNK1 WT n=7, p=0.0021).  
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cell death at E15.5 (Lance-Jones, 1982). Healthy MNs   

 were counted at E15 and no changes in the number of healthy MNs were seen at 

E15 in the JNK1 KO as compared to the JNK1 HT (Figure 6A). The JNK1 HT 

animals were utilized in this experiment due to difficulties in obtaining E15 JNK1 WT 

animals. These data suggest that deletion of JNK1 did not alter MN numbers at E15.  

The pyknotic nuclei, those condensed and fragmented, that are actively undergoing 

PCD were counted and no difference was seen in the JNK1 KO verses the JNK1 HT 

A B 

C 

Figure 6. JNK1 deletion does not appear to alter MN number or caspase activity 
at E15. (A). Healthy MN numbers are not different at E15 in JNK1 KO as compared to 
JNK1 HT (JNK1 KO n=4, JNK1 HT n=3, p=0.7845). (B). JNK1 deficiency does not 
alter the number of pyknotic MNs at E15 as compared to JNK1 HT (JNK1 KO n=4, 
JNK1 HT n=3, p=0.8536). (C) JNK1 deficiency does not alter caspase activity as 
compared to JNK1 HT (JNK1 KO n=3, JNK1 HT n=2, p=0.1912).  
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(Figure 6B) (Kerr et al., 1972). Although MN number did not change with JNK1 

deletion, we investigated caspase activity to determine if the MNs were following the 

apoptotic cascade. Caspases-3 and caspase-7 activity was analyzed at E15 in the 

lumbar spinal cord lysates and no difference was seen in JNK1 KO when normalized 

to JNK 1HT (Figure 6C). These data suggest that the lumbar MNs of JNK1 deficient 

animals may be eliminated in the correct number, at the appropriate time, following 

the apoptotic cascade.   

 

Lumbar MN numbers in P0 JNK1 KO animals 

  To investigate MN numbers postnatally, MNs were counted at P0 utilizing the 

JNK1 DELETION DOES NOT ALTER LUMBAR MN NUMBERS 

 

Figure 7. JNK1 deletion has no effect on MN numbers at P0 and P180. (A). JNK1 deletion 
does not decrease thionin stained MN numbers at P0 (JNK1 KO N=5, JNK1 WT N=4, p=0.1043). 
(B). JNK1 has no effect on the number of thionin stained MNs at P180 (JNK1 KO N=5, JNK1 WT 
N=5, p=0.4669). (C). No change in JNK1 KO MN number is observed with IHC for Fluorescent 
Nissl and ChAT (JNK1 KO N=4, JNK 1 WT N=3, p=0.5822).  
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thionin stained quantification method previously described. This time point was 

chosen to ensure that PCD led to an appropriate number of MNs postnatally 

because lumbar MN PCD is complete before birth (Oppenheim, 1986). In these 

studies there was no apparent change in lumbar MN numbers between JNK1 KO 

and JNK1 WT at P0 (Figure 7A). The results reveal that P0 JNK1 KO mice have the 

correct numbers of postnatal MNs and have successfully completed PCD. JNK1 

does seem to have a direct effect on the numbers of lumbar MNs that remain at 

birth. 

    

  Lumbar MN numbers in P180 JNK1 KO animals 

  Although MNs are established in the appropriate numbers, there might be 

changes in the maintenance of MN numbers. Therefore, the spinal cords of P180 

JNK1 KO animals were investigated to determine if the deletion of the JNK1 isoform 

would affect the MNs.  The number of lumbar MNs was counted in JNK1 KO animals 

at P180 using the thionin staining method that was previously discussed. The lumbar 

MN numbers in the JNK1 KO are not changed at P180 as compared to WT (Figure 

7B). MN number was also assessed immunohistochemically using ChAT and 

Fluorescent Nissl to ensure that no MN was omitted with the thionin staining method. 

No changes were observed in JNK1 KO as compared to JNK1 WT at P180, 

suggesting that the MN numbers are preserved in the JNK1 KO through P180 

(Figure 7C). These data show that neuronal numbers, although dynamic 

developmentally, do not appear to change in the lumbar spinal cord of JNK1 KO 

animal postnatally.  
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LUMBAR MN MORPHOLOGY FOLLOWING JNK1 DELETION 

The morphology of MNs can indicate an alteration of function. The MNs of 

neurotropin-3 (NT-3) KO animals are smaller and may have altered function 

(Woolley et al., 1999).  Although MN numbers were not altered with deletion of the 

JNK1 isoforms, MN structure and function might be distorted. To determine if there 

were morphological changes, MN soma area at P0 and P180 was examined using 

thionin stained sections. The middle section of each spinal cord was located and 75 

randomly selected MNs from ten adjacent sections were used (Li et al., 1994). The 
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Figure 8. P0 or P180 JNK1 KO mice MN soma area is not altered. (A). JNK1 deletion does not 

alter MN soma area at P0 (JNK1 KO n=5, JNK1 WT n= 4, p=0.4689. (B). MN soma area is not 
altered in JNK1 KO mice at P180 (JNK1 KO n=5, JNK1 WT n= 5, p=0.0433). (C-D). Representative 
images of lumbar MNs from JNK1 KO (C) and JNK1 WT (D), stained with choline acetylcholine 

transferase (ChAT, green) and fluorescent Nissil (blue). Scale bars, 20 m. (At P180 a p=0.0019 is 
considered signficant (0.05/27).)  

 

JNK1 DELETION DOES NOT ALTER MN SOMA AREA AT P0 OR 
P180 
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MN soma area in JNK1 KO animals was evaluated, to determine if the JNK 1 

deficiency would result in a developmental phenomenon. MN soma area was 

investigated at P0, after the period of PCD and no change was observed in JNK1 

KO lumbar MNs soma area (Figure 8A).  The area of the JNK1 KO lumbar MN is not 

smaller at P180 as compared to their WTs (Figure 8B), indicating no role for JNK1 in 

MNs up to P180. The JNK1 isoform may have a null role in the development and 

maintenance of lumbar MN morphology. 

Collectively, JNK1 isoform deletion does not alter MN number at E15, P0 or 

P180. The deletion of JNK1 does not reduce the lumbar MN soma area of P0 or 

P180.  Although MN number or morphology was not altered, two very common 

hindlimb muscles were investigated to determine if JNK1 deletion would alter the 

target muscles of the lumbar MNs.  

 

 

JNK1 ISOFORM DELETION IN MG AND TA AT P14 

 

THE MG OF JNK1 KO ANIMALS AT P14 

 The nerve establishes a connection with its target muscle around E12 at the 

neuromuscular junction (NMJ).  The NMJ is the best studied synapse due to its 

accessibility (Jansen and Fladby, 1990). The MN and muscle influence each other 

during development and this interaction results in the different muscle fiber types: 

MHC IIa, fast fatigue resistant; MHC IIx, fatigue resistant intermediate; MHC IIb, fast 

fatigable, and MHC I, slow (Schiaffino and Reggiani, 1994; Weiss et al., 1999).  The 
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MG of P14 JNK1 KO animals were analyzed to determine the role of JNK1 

deficiency on the target muscles of the lumbar MNs. The MG, a mixed fiber hindlimb 

muscle of the posterior compartment, has been used extensively in previous 

experiments and was utilized in this study (Gould et al., 2006; Gifondorwa et al., 

2007).  P14 was utilized because the NMJs are monoinnervated and the 

acetylcholine receptor subunit switch has occurred (Jansen and Fladby, 1990; 

Missias et al., 1996; Missias et al., 1997). 

 

The NMJs of JNK1 KO MG at P14 

Figure 9. Analysis of P14 MGs in JNK 1 KO 
animals.  (A). NMJ area is not changed in the MG of 
JNK1 KO animals at P14 (JNK1 KO n=3, JNK1 WT 
n=4, p= 0.3580). (B). There is a decrease in NMJ 
innervation in JNK1 KO MG at P14 (JNK1 KO n=3 
JNK1 WT n=4, p=0.0051). (C) The MG area is 
decreased in JNK1 KO animals at P14 (JNK1 KO 
n=3, JNK1 WT n=4, p=0.0319). (D). NMJ numbers 
are not altered at P14 with JNK1 deletion (JNK1 KO 
n=3, JNK1 WT n=4, p=0.3364). (E). The weight of the 
MG muscle is not altered in JNK1 KO animals at P14 
(JNK1 KO n=7, JNK1 WT n=3, p=0.3370). (F). The 
size distribution of NMJs is not altered in the MG of 
JNK1 KO animals (JNK1 KO n=3, JNK1 WT n=4, 
p=0.3112). (At P14 a p=0.0025 (0.05/20) is considered 

signficant.) 
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Briefly, the animals were perfused with 2% paraformaldehyde; the TA was 

dissected, immersed in sucrose, embedded in OCT, and section on a cryostat. 

Every fifth section was stained with neurofilament heavy, light, vesicular 

acetylcholine transporter, and Bungarotoxin. To determine if JNK1 alters the 

development of the NMJ, anatomical changes were investigated at the MG. 

Investigation of the MG at P14 in JNK1 KO showed no change in the area of the 

NMJs (Figure 9A). Innervation was investigated in JNK1 KO MG to determine the 

role of JNK1 in the process of synapse stabilization, a decrease in innervation was 

observed in the JNK1 KO MG as compared to JNK1 WT (Figure 9B). The analysis of 

LOSS OF JNK1 DOES NOT ALTER nAChR mRNA EXPRESSION IN P14 
MG MUSCLE 

 
Figure 10. Analysis of nAChR subunit expression in P14 JNK1 KO MGs. (A). JNK1 KO does not 

alter AChR mRNA in the MG at P14 (JNK1 KO n=5, JNK1 WT n=4, p=0.9154). (B). JNK1 KO does 

not alter AChR mRNA in MG at P14 (JNK1 KO n=5, JNK1 WT n=4 p=0.4315). (C). AChR mRNA is 

not altered with JNK1 KO in P14 MG (JNK1 KO n=5, JNK1 WT n=4 p=0.9609).  
 

A B 

C 
mRNA expression of AChR in P14

JNK1KO JNK1WT
0

5

10

15

20

25

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

mRNA expression of AChR in P14

JNK1KO JNK1WT
0

1

2

3

4

5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

mRNA expression of AChR in P14

JNK1KO JNK1WT
0

1

2

3

4

5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n



     52  

the area of the MG showed no change in the total area of the MG in the JNK1 KO 

animals (Figure 9C).  The total number of NMJs was evaluated and the number of 

NMJs was not significantly different (Figure 9D). No changes were observed in the 

weight of the MG of JNK1 KO verses the JNK1 WT at P14 (Figure 9E). The 

distribution of the sizes of the NMJs in JNK1 KO MG at P14 was analyzed and no 

differences were observed (Figure 9F). These data indicate that the innervation of 

the mixed fiber MG may be decreased by JNK1 deletion at P14. 

 

Analysis of P14 MG nAChRs and MHCs in JNK1 KO 

Given that reduced innervation at the NMJ of the MG were observed in the 

JNK1 KO at P14, we verified the findings with investigation of the molecular 

components of the NMJ.  To determine if the nAChR subunit expression was altered 

in JNK1 KO animals, RT-PCR was performed on P14 MG muscle.  No changes 

were observed in nAChR (Figure 10A) (Figure 10B ChR(Figure 

10C)suggesting that the MG of JNK1 KO animal make the switch from nAChR to 

nAChRand are not different from WT in their nAChR subunit composition

A 

MHC EXPRESSION IS NOT ALTERED IN THE MG AT P14 
WITH JNK1 DELETION 

Figure 11. MHC expression is not altered in the JNK1 KO MG at P180. The rat 
diaphragm was used as a control. The MG consists of IIa and IIx fibers with a peak at 
IIb. The MG of JNK1 KO animals follow that of the JNK1 WT animals at P14. 
Representative images are shown.  
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he organization of the MHCs was investigated in JNK1 KO MG at P14 to 

determine if JNK1 isoform deletion alters muscle fiber composition. The MG is a 

mixed muscle composed of the fast fibers; MHC IIa, IIx, and IIb fibers. The MHCs of 

P14 MG are not different in the JNK1 KO as compared to the WT (Figure 11). The 

MHC IIb composition peaks at  54.98 percent in the JNK1 KO MG, as compared to 

55.64 in the JNK1 WT (n=3, p=0.7303). These data suggest that there is a delay in 

innervation in JNK1 KO MG at P14 and implicates a possible role for JNK1 in MG 

development. 

 

THE TA OF JNK1 KO ANIMALS AT P14 

 

Figure 12. Analysis of TA muscle in P14 JNK1 
KO animals. (A). JNK1 deletion does not alter 
TA NMJ area at P14 (JNK1 KO n=2, JNK1 WT 
n=4, p=0.2585). (B). JNK1 KO does not change 
the innervation of the TA at P14 (JNK1 KO n=2, 
JNK1 WT n=4, p=0.5733). (C) The area of 
muscle analyzed in TA is not altered by JNK1 
deletion (JNK1 KO n=2, JNK1 WT n=4, 
p=0.5636). (D) TA NMJ numbers are not 
changed in the JNK1 KO animals (JNK1 KO n=2, 
JNK1 WT n=4, p=0.2440). (E) The weight of the 
TA in the JNK1 KO is significantly reduced (JNK1 
KO n=9, JNK1 WT n=4, p=0.1341). (F) JNK 1 KO 
TAs follow the WTs is size distribution (JNK1 KO 
n=2, JNK1 WT n=4, p= 0.5800).  
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The NMJ of JNK1 KO TA at P14  

 To determine if the deletion of the JNK1 isoform altered the TA muscle at 

P14, the NMJ was investigated using the same techniques as described previously. 

The analysis of the TA of JNK1 KO animals at P14 was necessary to determine if 

JNK1 deletion affected development of the TA. By measuring the area of the NMJ, 

an overall idea of the formation and maintenance of the NMJ was obtained and no 

changes were observed in the area of the NMJ in the TA in the JNK1 KO at P14 

(Figure 12A).  The innervation of the NMJs of the TA at P14 was investigated in 

JNK1 KO animals and no changes were observed (Figure 12B), suggesting that 

JNK1 KO MNs make and maintain contact in the TA at P14. The number of NMJs 

were investigated and no difference was seen in the total number of NMJs (Figure 

12D), implying that JNK1 plays a null role in TA synaptogenesis or synapse 

elimination. No significant decrease was seen in TA weight at P14 in JNK1 KO as 

compared to WT (Figure 12E), demonstrating that atrophy or hypertrophy are not 

occurring at the TA at P14. The TAs of the JNK1 KO appears to be normal 

compared to the JNK1 WT, but to ensure that the correct distribution of innervated 

NMJs, the distribution of the sizes of the NMJs were measured and no differences 

were seen in the JNK1 KO as compared to the JNK1 WT (Figure 12F).  Collectively, 

the deletion of JNK1 does not effect the morphologic changes of the NMJ in the P14 

TA. 
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The nAChRs and MHCs of JNK1 KO TA at P14 

Although no morphological changes were observed at the NMJ, the nAChR 

subunits of the JNK1 KO TA were assessed at P14. To further investigate the NMJ, 

qRT-PCR of P14 JNK1 KO and JNK1 WT were performed on the TA to determine if 

mRNA expression of the nAChRnAChRand nAChR subunitswere altered in 

JNK1 KO animals.No change was seen in the expression of the nAChR (Figure 

13A)which binds Ach; the nAChR (Figure 13B)which changes the channels 

properties in early postnatal development; or nAChR(Figure 13C)which is the 

fetal form and is normally lost by P14. These data imply that JNK1 is not necessary 

for the nAChRnAChRor nAChRsubunit expression and the switch from 

LOSS OF JNK1 DOES NOT ALTER nAChR mRNA 

EXPRESSION IN P14 TA MUSCLE 

Figure 13. Analysis of nAChR subunit expression in P14 JNK1 KO TAs. (A) JNK1 KO does not 

alter AChR mRNA in the TA at P14 (JNK1 KO n=6, JNK1 WT n=6, p=0.8624). (B) JNK1 KO 

does not alter AChR mRNA in TA at P14 (JNK1 KO n=6, JNK1 WT n=6, p=0.2819). (C) AChR 

mRNA is not altered with JNK1 KO in P14 TA (JNK1 KO n=6, JNK1 WT n=6, p=0.4176).  
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nAChRto nAChRoccurs independent of JNK1 in the TA at P14.  

The MHC levels of the JNK1 KO TA were analyzed, to determine if JNK1 

deletion altered the muscle fiber phenotype. The protein levels of the MHC in the 

P14 TA of JNK1 KO animals were not different (Figure 14), suggesting that the TA of 

the JNK1 KO animal has the correct distribution of fiber types. The MHC IIb levels 

were 45 percent for the JNK1 KO and 44 percent for the JNK1 WT. Collectively, 

these data demonstrate that the TA of JNK1 KO animals appear to develop normally 

in the absence of JNK1, indicating a null role for JNK1 in TA development.  
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JNK1 DELETION DOES NOT IMPAIR PERFORMANCE ON THE PAW 
GRIP ENDURANCE (PaGE) TASK  

Figure 15. JNK 1 deletion does not affect motor ability of JNK 1 KO animals.  (A). JNK 1 
deficient animals perform significantly worse that their WT counterparts on the PaGE task (JNK 

1KO N=10, JNK 1WT N=9, p=0.4080).  

MHC EXPRESSION IS NOT ALTERED IN THE TA AT P14 WITH 
JNK1 DELETION 

 

ON 
Figure 14. MHC expression is not altered in the JNK1 KO TA at P180. The rat diaphragm 
was used as a control and it expresses MHCs IIa, IIx, IIb, and I. The TA consist of IIx and 
predominantly IIb fibers. The TA of JNK1 KO animals follow that of the JNK1 WT animals at P14. 
Representative images are shown. 
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THE TA AND MG OF JNK1 KO ANIMALS AT P180  

 

BEHAVIORAL ANALYSIS IN P180 JNK1 KO MICE 

 In an attempt to address the effect of JNK1 deletion on motor performance 

the JNK1 KO animals were subjected to the Paw Grip Endurance (PaGE) task.  In 

an effort to isolate the motor component in the JNK1 KO animals, the PaGE task 

was utilized. The PaGE task is a very direct measure of motor strength because it 

has a short learning period and does not require coordination and balance (Weydt et 

al., 2003). The animals were placed on a wire mesh, inverted, and the latency to fall 

JNK1 DELETION DOES NOT ALTER THE NMJ OF THE MG AT 

P180 

Figure 16. Analysis of P180 MGs in JNK1 KO 
animals.  (A). NMJ area is not changed in the MG of 
JNK1 KO animals (JNK1 KO n=5, JNK1 WT n=5, p= 
0.5104). (B). There is no change in NMJ innervation in 
JNK1 KO MG at P180 (JNK1 KO n=5, JNK1 WT n=5, 
p=0.9139). (C) The MG area is not altered in JNK1 KO 
animals at P180 (JNK1 KO n=5, JNK1 WT n=5, 
p=0.2467).  (D).NMJ numbers are not altered at P180 
with JNK1 deletion (JNK1 KO n=5, JNK1 WT n=5, 
p=0.4043). (E) The weight of the MG muscle is not 
altered in JNK1 KO animals at P180 (JNK1 KO n=5, 
JNK1 WT n=5, p=0.5695). (F). The size distribution of 
NMJs is not altered in the MG of JNK1 KO animals 
(JNK1 KO n=5, JNK1 WT n=5, p=0.8387).  
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was recorded over ninety seconds. The animals that held on for 90 seconds were 

scored as having full motor ability. The performance of JNK1 KO mice is not altered 

as compared to JNK1 WT (Figure 15A), suggesting no change in motor function up 

to P180.  

 

THE MG OF JNK1 KO ANIMALS AT P180 

 JNK1 in P180 MG NMJs  

 The next step was to investigate the role of JNK1 in the MG was analyzed at 

P180.  The P180 MG was analyzed using similar techniques as performed in the 

P14 MG. The JNK1 KO animals have decreased weight (Figures 4A and 4B); 

A B 

C 

   LOSS OF JNK1 DOES NOT ALTER nAChR mRNA 
EXPRESSION IN P180 MG MUSCLE 

Figure 17. nAChR subunit expression in the MG of JNK1 KO mice at P180. (A). JNK1 

deletion does not alter the expression of AChR expression in P180 MG (JNK1 KO n=3, JNK1 

WT n=4, p=0.7303). (B). AChR expression is not reduced in the MG of JNK1 KO mice (JNK1 

KO n=3, JNK1 WT n=4, p=0.0381). (C). AChR expression does not change with JNK1 
deletion (JNK1 KO n=3, JNK1 WT n=4, p=0.6710). (At P180 a p=0.0019 is considered signficant 

(0.05/27).) 
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therefore, in an effort to get a closer look at the presynaptic and postsynaptic 

components, the NMJs of JNK1 KO MG were analyzed utilizing IHC with primary 

antibodies to VAChT, NF-L, and NF-H for presynaptic components and BTX to 

stain nAChRs postsynaptically.  The area of the NMJ analysis revealed no change in 

P180 MG with JNK1 (Figure 16A), indicating that the NMJ is not shrinking or 

expanding.  The innervation of the NMJ was measured to determine if the interaction 

between the MN and its target was altered with JNK1 deletion at P180 in MG. No 

changes were seen in the innervation of JNK1 KO MG at P180 (Figure 16B), 

suggesting that the MN -target interaction is maintained at P180 in the MG of the 

JNK1 KO animals. The muscle area of the MG is not altered by JNK1 deletion in 

P180 MG (Figure 16C). The total numbers of NMJs were assessed and they did not 

differ in JNK1 KO as compared to WT (Figure 16D), demonstrating no loss of NMJs 

with JNK1 deletion at P180 in the MG.  The analysis of wet muscle weight was 

performed and no changes were seen in the JNK1 KO MG as compared to JNK1 

WT (Figure 16E). To determine if the sizes of the NMJs of the JNK1 KO MG were 

altered the distribution of sizes were analyzed and there were no changes seen in 

the distribution of NMJ size (Figure 16F). Morphological changes do not appear to 

be occurring at the NMJ of the MG of JNK1 KO mice.  
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The analysis of P180 nAChRs in JNK1 KOs   

Although no changes appear to occur at the MN-muscle interaction in the MG 

of the JNK1 KO animals at P180, the molecular components of the synapse were 

assessed. The mRNA expression of the nAChRnACHRand nAChRsubunits 

were investigated in the MG of P180 JNK1 KO animals utilizing qRT-PCR as 

previously described. The expression of the ACh binding nAChRwas not altered 

(Figure 17A) he expression of the nAChRmRNA was not significantly reduced n 

P180 JNK1 KO MG (Figure 17B). The fetal nAChRwas not altered in JNK1 KO 

MG at P180 (Figure 17C). Together, these data suggest that JNK1 deletion does not 

alter the nAChR mRNA expression of the MG at P180. 

 

The MHCs of JNK1 KO animals at P180  

The makeup of the muscle was investigated, to determine if JNK1 deletion 

altered MHC composition at P180 in MG. The muscle homogenates were run on an 

8% acrylamide gel to separate the MHCs. The rat diaphragm expresses MHC IIa, 

MHC IIx, MHC IIb, and MHC I and along with mouse soleus was used as a loading 

LOSS OF JNK1 ALTERS MHC EXPRESSION IN P180 MG 

Figure 18.  MHC IIa and MHC IIx fibers expression is attenuated in P180 JNK1 KO MG. The 
rat diaphragm was used as a control and it expresses MHC IIa, MHC IIx, MHC IIb, and I. The 
JNK1 KO MG predominantly expresses MHC IIb, while the JNK1 WT MG expresses MHC IIa 
and MHC IIx fibers along with MHC IIb fibers. Representative images are shown. 
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control (Figure 18). The JNK1 WT MG expressed some MHC IIa and MHC IIx fibers, 

but it is predominantly MHC IIb (Figure 18). The JNK1 KO MG at P180 

predominantly expresses MHC IIb (fast fatigable) fibers and appears to have a 

reduction in MHC IIa (fatigue intermediate) and MHC IIx (fast fatigue resistant) fibers 

(Figure 18). The JNK1 KO MG is composed of 80 percent MHC IIb fibers, as 

compared to 63.94 in the JNK1 WT (n=3, p=0.0162). JNK1 may play a role in 

maintaining MHC fiber composition in the P180 MG.  

 

THE TA OF JNK1 KO ANIMALS AT P180 

Figure 19. Analysis of TA muscle in P180 JNK1 KO 
animals. (A). JNK1 deletion does not alter TA NMJ area 
at P180 (JNK1 KO n=4, JNK1 WT n=4, p=0.6614). (B). 
JNK1 KO does not change the innervation of the TA at 
P180 (JNK1 KO n=4, JNK1 WT n=4, p=0.2072). (C). The 
area of muscle analyzed in TA is not altered by JNK1 
deletion (JNK1 KO n=4, JNK1 WT n=4, p=0.1126). (D). 
TA NMJ numbers are trending toward a decrease in the 
JNK1 KO animals (JNK1 KO n=4, JNK1 WT n=4, 
p=0.0924). (E). The weight of the TA in the JNK1 KO is 
significantly reduced (JNK1 KO n=8, JNK1 WT n=8, 
p=0.0029). (F). JNK 1 KO TAs follow the WTs is size 
distribution (JNK1 KO n=4, JNK1 WT n=4, p= 0.1214). (At 

P180 p=0.0019 is considered signficantly (0.05/27).) 
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 The TA is a hindlimb muscle, composed of fast muscle fibers, is housed in the 

anterior compartment, and antagonizes the MG.  Even though no changes were 

seen in the TA at P14 in JNK1 KO animals, the TA muscle was investigated at P180 

to determine if degeneration was occurring following JNK1 deletion. 

 

The NMJs of JNK1 KO in P180 TA  

The analysis of the JNK1 KO TA was initiated with the study of anatomical 

changes. The morphology of individual NMJs was analyzed and no difference was 

observed in the NMJ area of the JNK1KO TA at P180 (Figure 19A). To measure 

denervation in the JNK model, the percent of intact NMJ was measured and no 

differences was observed in the JNK1 KO TA at P180 (Figure 19B), revealing that 

the interaction between the muscle and MN is intact.  The muscle area of the TA is 

not altered at P180 with JNK1 deltion (Figure 19C). Next, the total numbers of NMJs 

in the TA were examined to determine if the JNK1 deletion altered the process and 

no decreased numbers of NMJs  in the JNK1 KO TA were observed (Figure 19D). 

To determine if alterations were occurring in the JNK1 KO TA wet weight was 

measured. A decrease in TA weight was seen at P180 in JNK1 KO animal (Figure 

19E), indicating that the TA is not altered with JNK1 deltion.  Lastly, the distribution 

of the size of NMJ area was investigated in the JNK1 KO and was not altered with 

JNK1 deletion (Figure 19F). These data suggest that JNK1 does not alter the MNs-

target interaction of the TA at P180.   
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Analysis of nAChRs IN JNK1 KO TA AT P180 

The nAChRs were analyzed to get a better idea of the components at the 

NMJ of the JNK1 KO TA at P180. The nAChRnAChRand nAChRmRNA 

subunits expression were analyzed. Consistent with the results seen in the JNK1 

KO TA at P14 (Figure 13), no change was observed in nAChR(Figure 

20A)nAChR(Figure 20B)or nAChR(Figure 20C) mRNA subunit expression after 

JNK1 deletion. These data suggest that there is a null role for JNK1 in nAChR 

expression in the TA at P14 and P180. 

Figure 20. Analysis of nAChR subunit expression in P180 JNK1 KO TAs. (A). JNK1 KO does 

not alter AChR mRNA in the TA at P180 (JNK1 KO n=4, JNK1 WT n=5, p=0.3328). (B). 

JNK1 KO does not alter AChR mRNA in TA at P180 (JNK1 KO n=4, JNK1 WT n=5, 

p=0.7217). (C). AChR mRNA is not altered with JNK1KO in P180 TA (JNK1 KO n=4, JNK1 

WT n=5, p=0.3456).  

         LOSS OF JNK1 DOES NOT ALTER nAChR mRNA EXPRESSION 
IN P180 TA MUSCLE 

mRNA expression of AChR in P180 TA

JNK1KO JNK1WT
0.0

0.5

1.0

1.5

2.0

2.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

mRNA expression of AChR in P180 TA

JNK1KO JNK1WT
0.0

0.5

1.0

1.5

2.0

2.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

mRNA expression of AChR in P180 TA

JNK1KO JNK1WT
0.0

0.5

1.0

1.5

2.0

2.5

R
e
la

ti
v
e
 E

x
p

re
s
s
io

n

C 

B A 



     64  

 

Analysis of JNK1 KO TA MHCs at P180 

While the deletion of JNK1 has not significantly changed the NMJ of the TA, 

the MHCs of the muscle were investigated. To investigate the expression of the 

MHC isoforms in JNK1 deficient muscle, the samples were analyzed on an 8% 

acrylamide gel. The TA is classified as a fast fatigable muscle that is composed 

primarily of MHC IIb fibers, 61 and 55 percent respectively, in JNK1 KO and WT 

animals.  No change was observed in JNK1 KO TA (Figure 21), suggesting that 

JNK1 deletion does not effect TA MHC expression. Collectively, these data imply 

that JNK1 has no role in the maintenance of the TA at P180. 

 

 

 

  
B 

C D 

Figure 21. MHC expression in not altered in the JNK1 KO TA at P180. The rat 
diaphragm was used as a control ant it expresses MHC Iia, MHC IIx, MHC IIb, and MHC I. 
The JNK1 KO expresses predominantly IIB and some IIX, in a pattern similar to the JNK1 
WT. Representative images of shown. 

MHC EXPRESSION IS NOT ALTERED IN P180 TA WITH 

JNK1 KO 
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CHAPTER IV 

 

EFFECTS OF DELETION OF THE JNK2 ISOFORM IN LUMBAR MNs AND THEIR 

TARGETS 

 

VALIDATION OF THE MODEL 

 JNK isoform expression in spinal cord lysates of JNK2 KO 

To confirm that the JNK2 KO animals do not express the JNK2 protein, spinal 

cord lysates were evaluated at P0 and P180. At P0 and P180 JNK2 KO animals do 

not express the JNK2 protein in their spinal cord lysates indicating total abolishment 

of the protein (Figure 22). The levels of JNK3 do not appear to compensate for JNK2 

JNK EXPRESSION IS ALTERED IN JNK2 KO SPINAL CORDS 

 

 
Figure 22. JNK protein, substrate, and effector protein levels at P0 and P180. (A). Neonatal 
JNK2 KO spinal cord protein expression.  JNK 2 deficient animals do not express JNK 2 protein. 
Total JNK expression is reduced in JNK 2 KOs. Actin serves as an equal loading standard. 
Representative data shown. (B) Adult JNK 2 KO protein expression levels in P180 spinal cord.  
JNK 2 KOs do not express the JNK 2 isoform. Total JNK levels may be reduced in JNK2 KOs, 
and pJNK may be reduced in JNK 2 KOs.  Actin is our equal loading control. Representative 
data shown.  
 

 

 
 P180 SPINAL CORD 

P0 SPINAL 
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isoform deletion and this is consistent with previous findings (Dong et al., 2001).  

Total and phosphorylated JNK appear to have reduced expression in the P0 

JNK2 KO animals as compared to wild types (WT), indicating that the signaling 

pathway is indeed altered with JNK deletion (Figure 22A). At P180, the JNK2 KO 

total JNK appears to be a decrease, but phosphorylated JNK is not altered (Figure 

22B). These results are consistent with a previous report indicating that the JNK2 

deletion completely abolished the 54-kDa signal and attenuated the 46-kDA signal in 

the total JNK pool (Brecht et al., 2005). These data imply that the absence of JNK2 

results in downstream altered signaling at P0 and P180 in lumbar spinal cords, as 

well as, demonstrate that the JNK2 KO animals are true KOs.  

 

Weight of JNK2 KO animals 

 The body weight of male and female JNK2 KO animals was collected three 

times a week for five months starting at P30. The numbers were compared to those 

of their WT counterparts. The JNK2 KO females were significantly smaller than the 

 
Figure 23. JNK2 KO animals are significantly smaller than their WT counterparts. (A). 
JNK2 KO females are significantly smaller than JNK2 WT females (JNK2 KO females n=5, 
JNK2 WT females n=6, p<0.0001).  (B). JNK2 KO males are considerably smaller than 
JNK2 WT males (JNK2 KO males n=8, JNK2 WT n= 2, p=0.0016). 
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JNK2 WT females (Figure 23A). Likewise, the JNK2 KO male animals are 

significantly smaller than JNK2 WT (Figure 23B). These data are consistent with 

decreased body weight seen in JNK KO animals (Hirosumi et al., 2002; Tuncman et 

al., 2006).  

The weight of the JNK animals was investigated at P14, when the MNs are no 

longer depend on the target and the target muscles are monoinnervated. The weight 

of the JNK2 KO animals was investigated at P14 as compared to the JNK2 WT and 

they were signficantly smaller (Figure 24).  Together, these data demonstrate that 

JNK2 KOs display reduced JNK expression in spinal cord lysates during 

development and at adulthood, demonstrating that they are true KOs. The weight of 

P14 and P30 to P180 is signficantly smaller in the JNK2 KO animals. These data 

could possibly contribute to alterations in MN-target interaction and indicates a 

potential role for JNK in the development and maintenance of the neuromuscular 

system. These data provide evidence for the utility of the JNK2 KO mouse as an 

appropriate model to study the role of the JNK2 isoforms in lumbar MN maturation 

Figure 24. JNK2 deletion significantly reduces animal weight at P14. (A). JNK2 
deletion significantly decreases animal weight at P14 (JNK2 KO n=9, JNK2 WT n=8, 
p=0.0148). 
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and maintenance. 

  
LUMBAR MN NUMBERS IN JNK2 KO ANIMALS 

Lumbar MN counts were done to determine if the deletion of the JNK2 

isoform would modify lumbar MN numbers. 

 

Lumbar MN numbers in JNK2 KOs at E15 

To determine if loss of JNK2 would lead to an alteration in MN numbers 

during PCD at E15, healthy MNs were counted using the previously described 

Figure 25.  JNK2 deletion does not alter MN number or caspase activity at E15. 
(A). JNK2 deletion does not alter healthy MN number at E15 (JNK2 KO n=6, JNK2 
WT n=4, p=0.3927).  (B).The number of pyknotic MNs is not altered with JNK2 
deletion (JNK2 KO n=6, JNK2 WT n=4, p=0.5583). (C). JNK2 deficiency does not alter 
caspase 3/7 activity in E15 spinal cords (JNK2 KO n=7, JNK2 WT n=6, p=0.2960) 
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method. No change in healthy MNs were observed in the JNK2 KO spinal cords 

verses JNK2 WT at E15 (Figure 25A). Next pyknotic nuclei, those in the process of 

dying, were counted and no difference was seen in JNK2 KO as compared to JNK2 

WT (Figure 25B). Temporally the MNs appear to be eliminated in a stereotypical 

pattern, however, the mechanism was of interest, and therefore caspase 3 and 

caspase 7 activities were analyzed in the spinal cord lysates. At E15 in the JNK2 KO 

and JNK2 WT spinal cord lysates no difference was observed in caspase 3 and 7 

activity (Figure 25C).  JNK2 deficient animals seem to eliminate supernumerary MNs 

in a standard temporal and numerical fashion with no changes in caspase 3 or 

caspase 7 activities. During embryonic development the JNK2 KOs appear to 

 JNK2 DELETION DOES NOT ALTER LUMBAR MN NUMBERS 

 

Figure 26. JNK 2 deletion has no effect on MN numbers at P0 and P180. (A). JNK2 deletion 
does not change thionin stained MN numbers at P0 (JNK2 KO N=6, JNK2 WT N=6, p=0.6521). 
(B). JNK2 does not effect MN number at P180 as analyzed by analysis of thionin stained MNs 
(JNK2 KO N=7, JNK2 WT N=3. p=0.2742. (C). No difference is observed in JNK2 KO MNs using 
ChAT and Fluorescent Nissl IHC (JNK2 KO N=4, JNK2 WT N=2).  
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successfully undergo PCD, as determined by the absence of changes in MN 

numbers and caspase activity. However, in an effort to ensure that JNK2 deletion did 

not alter MN numbers postnatally, counts were performed at P0. 

Lumbar MN number in JNK2 KO animals at P0 

To investigate MN numbers postnatally, MNs were counted at P0 utilizing the 

thionin stained quantification method. This time point was chosen to ensure that 

PCD lead to an appropriate number of MNs since lumbar MN PCD is complete 

before birth (Oppenheim, 1986). The numbers of MNs in JNK2 KO animals were 

investigated at P0 and the lumbar MNs of JNK2 KO animals at P0 and their 
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Figure 27.  P0 or P180 JNK2 KO mice do not have reduced soma area. (A). MN soma is not 

altered in JNK2 KO mice at P0 (JNK2 KO n=6, JNK2 WT n=6, p=0.3940). (B). JNK2 deletion does 
not alter MN soma area at P180 (JNK2 KO n=8, JNK2 WT n=3, p=0.7217). (C-D). Representative 
images of lumbar MNs from, JNK2 KO (C), and JNK2 WT (D) stained with Choline acetylcholine 

transferase (ChAT, green) and fluorescent Nissil (blue). Scale bars, 20 m. 

JNK2 DELETION DOES NOT EFFECT LUMBAR MN SOMA AREA 
AT P0 OR P180 
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respective WTs were not different (Figure 26A). The data at P0 suggest that by birth, 

MN numbers are not altered as a result of the JNK2 isoform deletion; this isoform 

does not seem to have a direct effect on the numbers of lumbar MNs that remain at 

birth. 

    

  Lumbar MN numbers in P180 JNK2 KOs  

  In the JNK2 KO, MNs are produced in the correct numbers but the numbers 

may be changed later, therefore, the spinal cords of P180 animals were investigated 

to determine if the deletion of the JNK2 isoform would affect the maintenance of 

MNs.  The number of lumbar MNs were counted in JNK2 KO animals at P180 using 

the thionin staining method.  The lumbar MN numbers in JNK2 KO are not changed 

as compared to JNK2 WT at P180 by quantification of thionin staining (Figure 26B). 

Next, the numbers of lumbar MNs in JNK2 KO were analyzed and they do not 

appear to change at P180 with immunohistochemical analysis using ChAT and 

Fluorescent Nissl (Figure 26C). These data indicate that at P180, JNK2 isoform 

deletion does not alter the number of MNs present in the lateral lumbar motor 

column, demonstrating that specific JNK2 isoform deletion has no effect on MN 

number. The numbers of MNs in the lumbar cords of the JNK2 KO animals do not 

differ from those of WT at P180, P0, or E15.  

 

LUMBAR MN MORPHOLOGY FOLLOWING JNK2 DELETION 
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 Although MN numbers were not altered with deletion of JNK2 isoforms, MN 

morphology and function might be altered. Alterations in MN structure were 

investigated in JNK2 KOs at P0 and P180. To determine if morphological changes 

were occurring, MN soma area at P0 and P180 were examined using thionin stained 

sections. The middle of the spinal cord was located, and the 75 MNs from ten 

adjacent sections were analyzed (Li et al., 1994). MN soma area in P0 JNK2 KO 

animals was evaluated, to determine if JNK2 deletion would result in a 

developmental phenomenon. MN soma area was investigated at P0, after the period 

of PCD. The JNK2 MN soma area is not different than WT (Figure 27A). These data 

Figure 28. Analysis of P14 MGs of JNK 2 KO 
animals.  (A). NMJ area is not significantly increased 
in the JNK2 KO MG (JNK2 KO n=4, JNK2 WT n=4, 
p= 0.0084). (B) MG NMJ innervation is not altered 
with JNK2 isoform deletion (JNK2 KO n=4, JNK2 WT 
n=4, p=0.8330). (C) JNK2 deletion does not alter MG 
area at P14 (JNK2 KO n=4, JNK2 WT n=4, 
p=0.0732). (D). MG NMJ numbers are not altered 
with JNK2 deletion (JNK2 KO n=4, JNK2 WT n=4, 
p=0.1482). (E). The weight of the MG muscles of P14 
JNK2 KO animals is not changed (JNK2 KO n=5, 
JNK2 WT n=8, p=0.0780). (F). The size and 
frequency of MG NMJ does not change with JNK2 
deletion (JNK2 KO n=4, JNK2 WT n=4, p=0.6318). 
(At P14 a p=0.0025 is considered significant (0.05/20).) 
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indicate no signficant role for the JNK2 isoform in MN maturation. The MN soma 

area of the JNK2 KO mice spinal cord at P180 was examined and no significant 

difference was detected following JNK2 KO (Figure 27B). The JNK2 KO lumbar MN 

soma areas do not differ at P180, suggesting a null role for JNK2 in MN 

maintenance. Collectively, these data suggest that JNK2 isoform deletion does not 

alter MN number at E15, P0 or P180. Additionally, no isoform specific morphological 

changes are observed in the lumbar MNs of P0 or P180 spinal cords. 

 

 

JNK2 DELETION DOES NOT ALTER nAChR mRNA EXPRESSION IN 
P14 MG MUSCLE 

 
Figure 29. Analysis of nAChR subunit expression in P14 JNK2 MGs. (A).  AChR mRNA is not 

changed in JNK2 KO MG at P14 (JNK2 KO n=5, JNK2 WT n=5, p=0.2193) (B). AChR mRNA subunit 

expression is not altered with JNK2 KO (JNK2 KO n=5, JNK2 WT n=5, p=0.2271).  (C). JNK2 KO does 

not alter AChR mRNA expression in P14 MG (JNK2 KO n=5, JNK2 WT n=5, p=0.4902). 
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ANALYSIS OF JNK2 ISOFORM DELTION IN THE MG AND TA AT P14 

 

P14 MG MUSCLE DEVELOPMENT FOLLOWING JNK2 DELETION  

 The medial gastrocnemius (MG) of P14 JNK2 KO animals was analyzed to 

determine the role of JNK2 on the target muscles of the lumbar MNs.  

  

 Analysis of the NMJ of P14 JNK2 KO MG 

 The NMJ of the JNK2 KO animal was investigated at P14 using 

immunohistochemistry for NF-L, NF-H, VChAT, and BTX. The MG of JNK2 KO 

animals was investigated at P14 to determine if JNk2 deletion alters the 

development of the NMJ. The area of the JNK2 KO NMJ in MG at P14 is not 

signficantly different in JNK2 deficient animals (Figure 28A). The percentage of 

intact NMJs was analyzed and JNK2 deletion does not alter the innervation of the 

MG at P14 (Figure 28B). The area of the MG was not different in the JNK2 KO 

animals (Figure 28C). The total numbers of NMJs was analyzed in the MG of JNK2 

deficient animals and no differences were observed when compared to JNK2 WT 

(Figure 28D). The wet weight of the P14 MG of JNK2 KO animals is not signficantly 

different; suggesting that the muscle is not altered morphologically (Figure 28E). The 

Figure 30. MHC expression is not altered in the JNK2 KO MG at P14. The rat 
diaphragm was used as a control and it expresses MHCs IIa, IIx, IIb, and I. The MG 
consists of IIa and IIx fibers with a peak at IIb. The MG of JNK2 KO animals follow that 
of the JNK2 WT animals at P14. Representative images are shown. 

MHC EXPRESSION IS NOT ALTERED IN THE MG AT P14 
WITH JNK2 DELETION 
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distribution of the sizes of the NMJs was not different in the JNK2 KO MG as 

compared to JNK2 WT (Figure 28F).  JNK2 deletion does not seem to alter the 

NMJs of the MG at P14, and NMJ development occurs normally in the JNK2 

deficient animals.  

 

Analysis of nAChRs and MHCs in JNK2 KO  P14 MG 

The overall morphology of the JNK2 MGs is not altered in JNK2 KO MG; 

however we investigated the levels of nAChR RNA expression.  The expression of 

the nAChR, nAChR, and nAChR subunits in JNK2 KO MG at P14 was 

investigated using qRT-PCR.  The nAChR subunit expression was investigated 

because neuregulin induces expression of the nAChRvia the JNK pathway (Si et 

al., 1999)   changes were detected in the mRNA expression of nAChR(Figure 

29A) (Figure 29B), or   JNK2 

KO MG muscle develops properly. The JNK2 KO MG appears to make the switch 

from nAChR to nAChR To determine if the composition of the MHCs were 

different, the MG of P14 JNK2 was investigated. No difference was identified in 

JNK2 KO MG MHC IIb, 50 percent, as compared to WT MHC IIb, 58 (n=3, 

p=0.3134)(Figure 30). At P14, JNK2 deficient MG NMJs do not appear to be 

different from JNK2 WT, demonstrating a limited role for JNK2 in MG development. 

 

INVESTIGATION OF JNK2 KO TA AT P14 

 The TA of the JNK2 KO was analyzed at P14 to determine if the deficit would 

alter the development of a fast, hindlimb of the anterior compartment.  
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Exploration of the NMJs of P14 TA in JNK2 KO  

The TA of the JNK2 KO animals was investigated at P14 using identical 

strategies as previously described. These studies were performed to determine if 

JNK2 had a role in the development of the TA.  To measure size of the NMJs in the 

TA in JNK2 KO animals at P14, the size was investigated and no differences were 

observed in NMJ area (Figure 31A). The interaction between the target and the MN 

was analyzed by measuring the innervation of the TA at P14 in JNK2 KO animals 

and a signficant decrease in the numbers of innervated NMJs at P14 was observed 

in the JNK2 KO animals (Figure 31B). The area of the TA of the JNK2 KO animal is 

not altered at P14 (Figure 31C). The total numbers of NMJs in JNK2 KO TA are not 

Figure 31. Analysis of TA muscle in P14 JNK2 
KO animals. (A). JNK2 KO does not alter the 
TAs area at P14 (JNK2 KO n=3, JNK2 WT n=3, 
p=0.6786). (B). JNK2 KO reduces the innervation 
of the TA at P14 (JNK2 KO n=3, JNK2 WT n=3, 
p=0.0016). (C) JNK2 deletion does not alter the 
area of the TA at P14 (JNK2 KO n=3, JNK2 WT 
n=3, p=0.1404). (D) JNK2 KO TAs does not have 
altered NMJ (JNK2 KO n=3, JNK2 WT n=3, 
p=0.2235). (E). JNK2 deletion does not alter the 
weight of the TA at P14 (JNK2 KO n=3, JNK2 
WT n=3, p=0.1404). (F). JNK2 KO NMJs size 
and distribution is not altered at P14 (JNK2 KO 
n=3, JNK2WT n=3, p=0.4849). (At P14 a p=0.0025 

is considered significant (0.05/20).) 

JNK2 DELETION REDUCES INNERVATION OF THE TA AT P14 
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different from those of WT (Figure 31D).  The weight of the JNK2 KO TA was 

analyzed to determine if changes occurred in the growth of the TA. The weight of 

JNK2 KO TA demonstrates no differences at P14 (Figure 31E).  The frequency of 

the sizes of the NMJ was investigated and no differences were observed (Figure 

31F), illustrating that the distribution of the NMJ is not altered with JNK2 deletion in 

the TA at P14. Collectively, the data suggest that the JNK2 isoform may play a role 

in the maturation of the FaSyn TA muscle, with deletion of JNK2 leading to a 

reduction in the innervation of the TA at P14.  

 

LOSS OF JNK2 DOES NOT CHANGE nAChR mRNA 

EXPRESSION IN P14 TA MUSCLE 

Figure 32. Analysis of nAChR subunit expression in P14 JNK2 KO TAs. (A).  AChR mRNA is 

significantly increased in JNK2 KO TA at P14 (JNK2 KO n=5, JNK2 WT n=5, p=0.0385). (B). 

AChR mRNA subunit expression is not altered with JNK2 KO (JNK2 KO n=5, JNK2 WT n=5, 

p=0.4890).  (C). JNK2 KO does not alter AChR mRNA expression in P14 TA (JNK2 KO n=5, 

JNK2 WT n=5, p=0.0483). (At P14 a p=0.0025 is considered significant (0.05/20)). 
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Analysis of nAChRs and MHCs in JNK2 KO TA at P14 

Tto determine if the molecular components of the postsynaptic apparatus 

were altered at P14 in the NMJs of the TA following JNK2 deletion, qRT-PCR was 

performed as previously described. In an effort to further delineate JNK2s role in the 

TA at P14, mRNA expression of nAChR(Figure 32A) was evaluated and no 

change was seen in mRNA expression. Likewise, nAChR(Figure 32B), and 

nAChR(Figure 32C) mRNA expression were not altered, indicating no role in the 

number of nAChRreceptors in the JNK2 KO TA. These data, together with no 

change in the morphology of the JNK2 KO TA at P14 (Figure 31), suggest that the 

TA of P14 JNK2 is not different from JNK2 WT.  The results obtained from qRT-PCR 

would suggest that the nAChRto nAChRsubunit switch was not altered in JNK2 

KO TA. Overall, the TA of P14 JNK2 KO TA does not appear to ba altered at P14. 

To obtain a comprehensive picture of the MHC expression of the TA of JNK2 

KO animals, the P14 TA was investigated.  Thus far we have seen a signficant 

decrease in innervation in the P14 JNK2 KO TA, suggesting the fiber phenotype 

might be altered. In the JNK2 KO TA at P14, the MHC expression pattern was not 

altered, with MHC IIb expression at 50 and 56 percent, demonstrating a null role for 

JNK2 in the distribution of muscle fiber types (n=3, p=03727)(Figure 33). These data 

MHC EXPRESSION IS NOT ALTERED IN THE TA AT P14 
WITH JNK2 DELETION 

 

ON 

Figure 33. MHC expression is not altered in the JNK2 KO TA at P180. The rat 
diaphragm was used as a control and it expresses MHCs IIa, IIx, IIb, and I. The TA 
consist of IIx and predominantly IIb fibers. The TA of JNK2 KO animals follow that of the 
JNK2 WT animals at P14. Representative images are shown. 
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collectively, suggest no role for JNK2 in the development and/or maturation of the 

NMJs of the TA at P14.  

 

 

INVESTIGATION OF THE ROLE OF JNK2 IN THE HINDLIMB TA AND MG 

MUSCLE AT P180 

THE ROLE OF JNK2 IN MOTOR BEHAVIOR AT P180 

It was of interest to investigate the role of JNK2 in motor function from P50 to 

P180 and the PaGE task was utilized to tease out motor function. Briefly, the JNK2 

KO animals were placed on a wire mesh, inverted and the animal’s latency to fall 

was evaluated. The JNK2 KO animals held on for 90 seconds and their performance 

was not different from JNK2 WT animals (Figure 34). Collectively, these data 

suggest that JNK2 KO animals do not have any motor deficits as assessed by the 

PaGE task, suggest that although alterations seen in the development, JNK2 

deletion may not have a lasting effect on the hindlimb musculature. 
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JNK2 KO ANIMALS ARE NOT IMPAIRED ON THE PAW GRIP 
ENDURANCE (PaGE) TASK  

Figure 34. JNK2 deletion does not alter motor ability on the PaGE task.  (A). The motor 
performance of JNK 2 KO animals’ motor performance is not altered on the PaGE task (JNK 2 KO 
N= 12, JNK 2 WT N=8, p=0.9976). 
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THE ROLE OF JNK2 IN P180 MG 

 Analysis of JNK2 in P180 MG NMJs 

The JNK2 KO appears to not alter the P14 MG (Figures 28, 29, 30); therefore 

it was of interest to investigate whether the JNK2 deletion would effect the muscle-

MN interaction over time. The NMJs of the MG were examined at P180 using 

immunohistochemistry with VAChT, NF-L, NF-H, and BTX. To determine if the size 

of individual NMJs were altered, the area of the NMJs was measured and no 

difference was seen in the JNK2 KO MG as compared to the JNK2 WT (Figure 35A), 

 JNK2 DELETION DOES NOT ALTER THE MG NMJ AT P180 

Figure 35. Analysis of P180 MGs JNK2 KO animals.  
(A). NMJ area is not altered in the JNK2 KO MG 
(JNK2 KO n=5, JNK2 WT n=5, p= 0.8799). (B). MG 
NMJ innervation is not altered with JNK2 isoform 
deletion (JNK2 KO n=5, JNK2 WT n=5, p=0.7182). 
(C). JNK2 deletion does not alter MG area at P180 
(JNK2 KO n=5, JNK2 WT n=5, p=0.3066). (D). MG 
NMJ numbers are not altered with JNK2 deletion 
(JNK2 KO n=5, JNK2 WT n=5, p=0.8969). (E). The 
weight of the MG muscles of P180 JNK2 KO animals 
is not changed (JNK2 KO n=7, JNK2 WT n=8, 
p=0.1185). (F)The size and frequency of MG NMJ 
does not change with JNK2 deletion (JNK2 KO n=5, 
JNK2 WT n=5, p=0.8866). 

JNK2 MG AREA FREQUENCY

0 50 100 150
0

10

20

30

40

50

60
JNK 2KO

JNK 2WT

Size

F
re

q
u

e
n

c
y

Adult MG Weight

JNK2KO JNK2WT
0

10

20

30

40

50

60

M
a
s
s
 (

m
g

)

P180 NMJ Numbers

JNK2KO JNK2WT
0

250

500

750

1000

N
M

J
 N

u
m

b
e
rs

MG Muscle Area

JNK2KO JNK2WT
0

500

1000

1500

2000

2500

A
re

a
 (

m
m

2
)

P180 NMJ Innervation

JNK2KO JNK2WT
0

25

50

75

100

%
 I

n
n

e
rv

a
ti

o
n

P180 MG NMJ Area

JNK2KO JNK2WT
0

25

50

75

A
re

a
 (

u
m

2
)

A B 

C D 

E F 



     81  

suggesting that the NMJs of JNK2 KO MG are morphologically normal. Next, the 

innervation of the MNs in the MG was analyzed and no difference was seen in the 

JNK2 KO MG (Figure 35B), indicating maintenance of the neuromuscular synapse. . 

The total area of the JNK2 KO MG was not different form that of the JNK2 WT 

(Figure 35C), correlating to the absence of these changes in the MG. The total 

numbers of NMJs are not different in JNK2 KO MG at P180 (Figure 35D), eluding to 

the maintenance of NMJs in JNK2 KO MG. The analysis of weight was not different 

at P180 (Figure 35E), suggesting that the JNK2 deficient MG was not atrophying or 

hypertrophying at P180. Although average NMJ area was not changed the 

distribution of sizes was assessed and the frequency of NMJ area was not changed 

with JNK2 deletion in the MG (Figure 35F), alluding to a null role for JNK2 in P180 

MG NMJ morphology. Collectively, deletion of the JNK2 isoforms does not alter the 

structure of the MG NMJ at P180. 

 

The nAChRs of the JNK2 KO P180 MG 

Although the morphology components of the presynaptic and postsynaptic 

synapse were not altered, the composition of the nAChRs was analyzed. To 

examine if the components of the nAChRs were affected by JNK2 deletion, analysis 

of the expression of nAChRnAChRnd nAChR were performed. The 

expression was measured using qRT-PCR as previously described. The mRNA 

expression levels of nAChR(Figure 36A)nAChR(Figure 36B)or 

nAChR(Figure 36C) were not altered by JNK2 deletion in the MG, illustrating a null 

role for the JNK2 isoform in the expression of the nAChR subunits at P180.  
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Analysis of P180 MG MHCs in JNK2 KO animals 

Lastly, to determine if JNK2 deletion altered MHC isoform expression, JNK2 

MGs were run on an 8% acrylamide gels to separate the MHCs. The MG, a mixed 

fiber muscle, is composed of type MHC IIa, MHC IIx, and MHC IIb. No differences 

were observed in MHCs in the MG of JN2 KO animals, the MHC IIb composition was 

65 and 64 percent in the JNK2 KO and JNK2 WT animals(Figure 37). The JNK2 

deletion appears to have no effect on the MG at P180, as assessed by these 

metrics. 

EXAMINATION OF JNK2 KO TA AT P180 

   LOSS OF JNK2 DOES NOT ALTER nAChR mRNA 
EXPRESSION IN P180 MG MUSCLE 

Figure 36. nAChR subunit expression in the MG of JNK2 KO mice at P180. (A). AChR 
expression in not altered with JNK2 deletion (JNK2 KO n=4, JNK2 WT n=4, p=0.5266). (B). 

JNK2 deletion does not change AChR expression (JNK2 KO n=4, JNK2 WT n=4, p=0.9857). 

(C). JNK2 deletion does not alter AChR expression (JNK2 KO n=4, JNK2 WT n=4, p=0.1343).   
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 Analysis of the NMJs of JNK2 KO TA at P180 

 At P14 JNK2 deletion resulted in decreased innervation (Figure 31B); 

therefore the investigation of the JNK2 KO TA was warranted.  Analysis of the NMJ-

target connectivity was performed using IHC of VAChT, NF-L, NF-H, and BTX on 

P180 TA. To determine if JNK2 deletion alters the NMJ, analyses were performed 

using previous techniques. The area of the NMJ was not altered in the TA at P180 

following JNK2 deletion (Figure 38A).  Analysis of the innervation of the P180 TA 

was performed and no difference in denervation was observed in JNK2 KO TA 

(Figure 38B). The area of the TA was analyzed and no change in the area of the TA 

at P180 was detected (Figure 38C). In JNK2 KO TA, total NMJ number was 

analyzed and no change in the numbers of NMJs was observed (Figure 38D), 

suggesting postsynaptic maintenance of the NMJs. Analysis of the weight of the TA 

of JNK2 KO animals at P180 demonstrated no difference in wet weight (Figure 38E), 

indicating that atrophy was not occurring. Although the animals were smaller, these 

data suggest no change in the size of the TA. The frequency of sizes of the NMJs 

Figure 37. JNK2 deletion does not alter MHC fibers expression at P180. The rat diaphragm 
was used as a control and it expresses MHC IIa, MHC IIx, MHC IIx, and I. The JNK2 KO and 
JNK2 WT MG express the MHC IIa, MHC IIX, and MHC IIb fibers. Representative images are 
shown. 

ANALYSIS OF JNK2 DOES NOT ALTER MHC EXPRESSION 
IN P180 MG 
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does not change with JNK2 deletion in JNK2 KO TA at P180 (Figure 38F). 

Collectively, the TA of the P180 JNK2 KO animals was very similar to the JNK2 WT. 

 

Investigation of the nAChRs in JNK2 KO TA at P180 

Although no changes were seen in the NMJs of JNK2 KO TA, analysis of the 

mRNA subunit composition of the JNK2 KO TA at P180 was performed. To 

investigate the mRNA expression of nAChRnAChRand nAChRsubunits of 

JNK2 KO TA at P180, RT-PCR was used. The nAChR(Figure 

39A)nAChR(Figure 39B)or nAChR(Figure 39C) subunits were not altered with 

Figure 38. Analysis of TA muscle in P180 JNK2 KO 
animals. (A). JNK2 KO does not alter the TAs area at 
P180 (JNK2 KO n=4, JNK2 WT n=4, p=0.6820). (B). 
JNK2 KO does not alter the innervation of the TA at P180 
(JNK2 KO n=4, JNK2 WT n=4, p=0.0895). (C). JNK2 
deletion does not alter the area of the TA at P180 (JNK2 
KO n=4, JNK2 WT n=4, p= 0.8779). (D). JNK2 KO TAs do 
not have altered NMJ numbers (JNK2 KO n=4, JNK2WT 
n=4, p=0.5244). (E). JNK2 deletion does not alter the 
weight of the TA at P180 (JNK2 KO n=7, JNK2 WT n=8, 
p=0.7672.  (F). JNK2 KO NMJs size and distribution is not 
altered at P180 (JNK2 KO n=4, JNK2WT n=4, p=0.7663). 

JNK2 DELETION DOES NOT ALTER THE TA AT P180 
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JNK2 deletion in the P180 TA.  

 

Examination of MHC expression in JNK2 KO TA at P180  

Despite the fact that JNK2 deletion does not appear to alter the NMJ at P180, 

the exploration of the MHCs in the TA was conducted. To determine if the deletion of 

Figure 39. Analysis of nAChR subunit expression in P180 JNK2 KO TA. (A). AChR mRNA 

is not altered in JNK2 KO TA at P180 (JNK2 KO n=5, JNK2 WT n=5, p=0.7003).  (B). AChR 

mRNA subunit expression is not altered with JNK2 KO (JNK2 KO n=5, JNK2 WT n=5, 

p=0.1612). (C). JNK2 KO does not alter AChR mRNA expression in P180 TA (JNK2 KO n=5, 

JNK2 WT n=5, p=0.5227). 

LOSS OF JNK2 DOES NOT ALTER nAChR mRNA EXPRESSION IN 
P180 TA MUSCLE 
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Figure 40. MHC expression in not altered in the JNK2 KO TA at P180. The rat 
diaphragm was used as a control ant it expresses MHC II1, MHC IIx, MHC IIB, and MHC I. 
The JNK2 KO TA predominantly expresses IIB and some IIX, in a pattern similar to the 
JNK2 WT. Representative images of shown. 

MHC EXPRESSION IS NOT ALTERED IN JNK2 KO TA  
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the JNK2 isoform altered the MHC composition of the fast fatigable TA muscle, 

analysis of the MHCs were performed utilizing an eight percent acrylamide gel. No 

differences were observed in the MHC isoforms of the TA at P180 (Figure 40), and 

these data were consistent with no changes at P14 (Figure 33). The JNK2 KO TA at 

P180 has 64 percent MHC IIb fibers, while JNK2 WT has 64 percent (n=3, 

p=0.9573). These data suggest that JNK2 deletion does not alter the MHCs in the 

developing or mature neuromuscular system of the TA. 
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CHAPTER V  

DISCUSSION 

 

The JNK pathway has been implicated in the proliferation, differentiation, 

growth and maintenance of cells (Bogoyevitch and Kobe, 2006). Data from our 

laboratory and others have demonstrated that JNK can be a degenerative or 

regenerative signal depending on the cell, context, and isoform being activated 

(Eminel et al., 2007; Newbern et al., 2007). In embryonic chick MNs, deprived of 

trophic support and treated with the JNK inhibitor SP600125, intact nuclei were 

maintained; indicating that JNK signaling is required for MN death in vitro. Moreover, 

in chick MNs treated with muscle extract and the JNK inhibitor, SP600125, neurite 

length is reduced, suggesting that JNK is also important in regeneration (Newbern et 

al., 2007). These data demonstrate that the JNK pathway plays a role in MN 

maintenance and survival in vitro. The data presented in this thesis suggest that JNK 

has minor isoform specific roles in lumbar MNs in vivo during development.  The 

JNK1 isoforms appears to play a role in lumbar MN innervation in the MG at P14, 

while JNK2 may be important in innervation of the TA at P14. Together these data 

allude to possible isoform specific roles for JNK in MNs in vivo. 

 

ROLES OF JNK1 AND JNK2 IN METABOLISM 

 In obesity, sustained JNK activity via free fatty acid, mediates phosphorylation 

of the insulin receptor substrate  (IRS-1) (Solinas et al., 2006). Obesity increases the 

levels of free fatty acids, initiating endoplasmic reticulum (ER) stress and increased 
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JNK activity, which inhibits IRS-1, leading to type II diabetes (Ozcan et al., 2004). 

JNK1 or JNK2  KO animals that are fed a normal diet have no change in: free fatty 

acids, cholesterol, plasma triglyceride, and glycerol levels; the animals have 

decreased body weight in the absence of changes in adiposity (Tuncman et al., 

2006).  JNK1 KO animals,  fed a high fat diet, have decreased adiposity and 

improved insulin sensitivity through enhanced receptor signaling , while JNK2 KO 

animals have increased JNK activity (Hirosumi et al., 2002; Tuncman et al., 2006). 

The JNK1HT/JNK2KO animals have: decreased body weight, increased insulin 

sensitivy, decreased JNK activity, and cytokine levels; proving that JNK2 plays a role 

in metabolism, but the role is masked by JNK1 expression (Tuncman et al., 2006).  

JNK2 KO and JNK1KO/JNK2KO myotubes have increased glycogenesis and 

glycogen storage (Vijayvargia et al.). These studies illustrate the role of the JNK1 

and JNK2 isoforms in metabolism and explain the decreases in animal weight that 

we see in Figures 4, 5, 23, and 24.  

 

JNK1 or JNK2 KO SPINAL CORD LYSATES HAVE ATTENUATED JNK 

Western blot analyses were used to confirm the animals as JNK1 or JNK2 

KOs. After confirmation of JNK1 or JNK2 isoform deletion, we find that the JNK1 or 

JNK2 KO animals may display altered regulation in the spinal cord as a result of 

deletion of the isoform. The JNK1 deletion may decrease pJNK, while JNK2 deletion 

may reduce total JNK. The JNK2 isoform is very abundant JNK2 isoform, a 

reduction in the pJNK indicates a possible decrease in JNK activity. The 

downstream effects of altered signaling seem to have an impact on the JNK1 and 
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JNK2 KO animals and possibly correlates to molecular and cellular alterations in the 

lumbar spinal cord. The function of the splice variants of the JNK isoforms has not 

been thoroughly investigated and is not fully understood, but the differential 

expression of the JNK isoforms as seen in the WT spinal cord lysates might suggest 

that the JNK isoforms perform normal physiological functions (Gupta et al., 1996; 

Brecht et al., 2005). In the western blots of the WT spinal cord lysates (Figures 3 

and 22), the JNK2 isoform expresses four splice variants at P0 and two at P180, 

while the JNK3 isform expresses one splice variant at P0 and two at P180. The 

differential expression of the JNK2 and JNK3 splice variants in the WT animals 

contribute to the idea of an isoform specific role for each of the JNK isoforms in the 

lumbar spinal cord during development and throughout life. 

The JNK1 or JNK2 deletion does not appear to increase the protein 

expression of the remaining JNK isoforms, implying that the deletion does not induce 

increased protein production of the remaining isoforms. These data imply that any 

changes that we observe were the result of the specific isoform that was deleted, 

however we cannot rule out the possibility of disregulation of the remaining isoforms 

(Dong et al., 2001).  

 

JNK1 or JNK2 KO DOES NOT ALTER MN NUMBERS IN VIVO 

There is a  transient c-Jun expression that occurs during MN PCD, indicating 

that deletion of the JNK1 or JNK2 isoform might result in altered PCD leading to 

altered lumbar MN numbers (Sun et al., 2005). We did not observe differences in 

MN number during the period of PCD in JNK1 or JNK2 KO animals. On the contrary 
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these data demonstrate that MN numbers were stable at E15, P0 and P180 in the 

JNK1 or JNK2 KO animals.  MN development and PCD may require JNK, but it may 

not be detected in our model due to enhanced regulation of the remaining isoforms. 

This idea is based on the approximately 85% identity of the JNK1 and JNK2 

isoforms, for example the JNK1JNK2 double KO mouse model regulates apoptosis 

by preventing caspase activity in the hindbrain in vivo, but single deletion is not 

effective (Kuan et al., 1999; Bogoyevitch and Kobe, 2006). The JNK1JNK2 double 

KO is embryonically lethal and was not utilized in this study, but demonstrates that in 

some cases there is compensation or cross talk in the regulation of the JNK 

isoforms. Disregulation of the JNK isoforms may explain the phenomenon that might 

be occurring in the developing spinal cord of the JNK1 or JNK2 KO animals.  

Alternatively, double transgenic JNK1HT/JNK2KO, JNK1HT/JNK2HT, and 

JNK1KO/JNK2HT animals have been utilized to tease out the role of individual JNK 

isoforms in vivo (Sabapathy et al., 2001; Tuncman et al., 2006) No long lasting 

effects were seen in MN numbers in the JNK1 or JNK2 KO animals, indicating a 

possible compensation of regulation of the remaining isoforms may be employed in 

these processes.  If the double transgenic approach is utilized,  then the levels of 

JNK that remain might illuminate the roles of the specific JNK isoforms in MNs in 

vivo.  

 

JNK1 OR JNK2 DELETION MAY DELAY MN MATURATION 

JNK1 plays a role in neurite elongation and our data demonstrate a decrease 

in MG innervation at P14 in JNK1 KO animals (Figure 9B)(Barnat et al., 2010). The 
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JNK1 isoform has been implicated in the maintenance of dendritic architecture in the 

cerebellum, motor cortex, and spinal cord (Chang et al., 2003). These data indicate 

that JNK1 may have a role in the axonogenesis and maturation of lumbar MNs in 

vivo.  Although the MN numbers do not change, their may be a role for the JNK1 

isoform in lumbar MN maturation. It would be important to investigate the levels of 

trophic support that the MNs are receiving and the structure of the axon. These 

experiments could be performed by running western blot analysis on muscle 

homogenates and isolating spinal cord slice cultures from the JNK transgenic mice. 

No changes were observed in nAChR  subunit expression inJNK1 or 

JNK2 KO TA or MG at P14 or P180, suggest that AChR clusters are not altered with 

JNK1 or JNK2 deletion. The decrease in innervation of the JNK2 KO TA at P14 may 

be due to a delay in development of the JNK2 KO TA at P14. The system is initially 

polyinnervated and as it matures it becomes monoinnervated and this process may 

be delayed in the JNK2 KO TA, because JNK2 is important in neurite initiation and 

elongation (Barnat et al., 2010). These data agree with the finding that  JNK is 

required to trigger MN growth and transmitter release in postembryonic Drosophila 

MNs, and suggest that JNK2 may play a role in this capacity (Sanes and Lichtman, 

2001; Etter et al., 2005). It would be interesting to investigate the lumbar MN –

muscle interaction in JNK2 KO animals at a number of time points prior to P14 to 

determine if this event is sustained with JNK2 deletion during development. 

 Changes were observed at P14 in the TA and MG in JNK2 KO animals; with 

increased NMJ area of the MG at P14 and reduced innervation of the TA at P14.  

These data indicate that JNK2 deletion plays a role in the maturation of the MG and 
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TA. The different muscles are thought to develop differently with the DeSyn, IntSyn 

and FaSyn classes of muscle differing in the postsynaptic clustering and  

presynaptic alignment of the NMJ (Pun et al., 2002). Following injury the DeSyn 

NMJs have an increase in presynaptic sprouting and post synaptic nAChR 

disassembly, demonstrating the differences in the maintenance of NMJs (Pun et al., 

2002). The JNk1 and JNK2 isoforms may play  in these processes, but a number of 

different muscle from the KO animals will need to be examined at a number of time 

points.  

 The behavioral data JNK1 or JNK2 KO animals, up to P180, utilizing the 

PaGE task was not different as compared to the JNK1 or JNK2 WTs. These data 

demonstrate that JNK1 or JNK2 deficient animals do not have alteration of motor 

behavior at P180. JNK1 is involved in microtubule maintenace and JNK1 deficient 

mouse spinal cords have degeneration axons at three months and loosley 

compacted myelin at eight months (Chang et al., 2003). Therefore, if analyzed at 

later time points the JNK1 deficient animals may exhibit an impairment of motor 

strength.  

 

JNK MAY HAVE A ROLE IN NEURODEGENERATION 

The JNK1 deficient animals have altered neuronal microtubules at three 

months (Chang et al., 2003). In response to reduced activity, the MHC  transitions to 

faster fiber types such as the MHC IIb at the expense of slower fibers like MHC IIa 

and MHC IIx (Pette and Staron, 2000). The apparent decrease in MHC IIa and MHC 

IIx that were observed in the JNK1 KO MG at P180 (Figure 18), is in agreement with 
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the changes observed during MHC switching. Following JNK1 deletion, animals 

have disorganized microtubules, continous learning impairment, and gradual 

degeneration of nerve fibers that may directly indicate an inability of these animals to 

handle mounting cellular stressors (Chang et al., 2003). JNK1 deletion may result in 

the progressive deterioration of the neuromuscular system, and it would be 

interesting to investigate the role of JNK in a model of lumbar MN stress or aging. 

These studies would determine if pathology is exacerbated with JNK1 deletion 

following MN stress. 

These studies were limited but could be expanded to determine if MN deficits 

precede muscle pathology. Additional experiments could be performed that isolate 

MN and muscle cultures from the JNK1 KO animals and compare the molecular 

components of the cultured MNs and muscle to that of WT animals. These studies 

would identify possible alterations in the JNK1 KO tissues that might relate to 

changes in the maintenance of the neuromuscular system. Caveats of the study 

include: experiments were truncated at six months, the absence on in vitro 

experiments, small sample sizes, and single KO mouse models. Although, these 

problems exist, JNK may play a role in the neurodegeneration.  

A potential role for JNK has been demonstrated in neurodegeneration (Chang 

et al., 2003; Gould et al., 2006; Pun et al., 2006; Gifondorwa et al., 2007). The MN-

muscle interaction is necessary for function and analysis of the NMJ showed no 

changes at P180 in the MG. However, if analyzed at later time points the JNK1 KO 

MG may begin to display altered NMJ morphology as the motor deficits may be 

progressive. To test this idea the JNK1 animals could be evaluated at one year 
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using the techniques presented in this thesis. The aim of the experiments would be 

to determine if JNK1 and JNK2 single and double transgenic animals would have 

enhanced MN-target interaction at one year.  Additionally, mouse models with 

known MN pathologies could be crossed with the JNK1 KO animals to determine if 

the disease progression is enhanced. 

In the JNK1 KO MG nAChRexpression may become reduced over time and 

decreased nAChRmRNA expression has been indicated in the inherited disorder 

myasthenia gravis (Nichols et al., 1999; Poulas et al., 2001). Myasthenia gravis is 

the most common disease affecting the NMJ and is characterized by muscle 

weakness and fatigue (Nichols et al., 1999; Poulas et al., 2001). Genetic alterations 

in the levels of the receptor have been correlated to attenuation of the physiology of 

the signal (Nichols et al., 1999). It would be interesting to compare the data obtained 

from the MG motor unit to that from the TA to determine if the JNK1 isoform 

preferentially alter the functionality of a specific type of motor unit. 

 

POSSILE MECHANISMS OF JNK ACTVITY 

 Possible explanations for the phenomena that were observed in the JNK KO 

animals might be attributed to the loss of the JNK1 or JNK2 isoform. These data 

would suggest that the JNK isoform differentially regulate events that were important 

in maturation of lumbar motor units. Alternate explanations may be due to 

deregulation of the remaining isoforms. This would be of interest due to the evidence 

of feedback loops within the JNK pathway that are possibly altered with JNK deletion 

(Tuncman et al., 2006). The activation of JNK1 can increase life span and tolerance 
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for stress, therefore deletion of the JNK1 protein may make the organism less 

tolerant of stressors (Oh et al., 2005). 

The relative abundance of the JNK isoform may contribute to isoform 

preferences (Finch et al., 2001). It has also been demonstrated that following stress 

JNK2 and JNK3 activity are induced, while JNK1 activity remains constitutively high, 

implying that imbalances in the JNK isoforms could perturb the activity of the 

remaining isoforms (Coffey et al., 2002).. The outcome of the signaling pathway 

could change via an undetermined mechanism and this may be a possible 

explanation for the absence of major changes in the knockout animals. Instead of 

independent functions of a particular isoform that has been knocked out, the 

deregulation of the remaining isoforms may be observed. To fully address this 

situation, the utilization of conditional and transgenic KO mouse models may be 

necessary.  

In addition to isform specificity, the JNK pathway is regulated by intracellular 

signaling complexes that aid in the spatio-temporal regulation of the JNK cascade. 

Scaffolding complexes organize the signaling components into efficient cascades to 

decrease the amount of irrelevant signaling. The scaffolding proteins include:  JNK- 

interacting protein 1(JIP1), JIP2, JIP3, JIP1b, GRASP-1, JSAP1 and arrestin 2 

(Bonny et al., 1998; Whitmarsh et al., 1998; Ito et al., 1999; Yasuda et al., 1999; 

Kelkar et al., 2000; McDonald et al., 2000; Akechi et al., 2001; Kelkar et al., 2003; 

Ye et al., 2007). JIP1 KO animals have shorter neurites, reduced levels of pJNK, 

and a smaller infact volume following ischemic injury (Im et al., 2003; Barnat et al., 

2010). JIP2 is selectively expressed in the brain and is capable of forming individual 
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complexes, but has a lower affinity for JNK as compared to JIP1 (Yasuda et al., 

1999).  The JIP3 KO and the neural specific JIP3 mutant lack an anterior 

commissure and die at birth because JIP3 is involved in development of respiratory 

neurons of the brainstem (Kelkar et al., 2000; Iwanaga et al., 2007). JIP1b interacts 

with kinesin and influences the trafficking of vesicles and mitochondria in axons 

(Horiuchi et al., 2005). arrestin 2 is not a homologue of JIP, but was shown to bind 

JNK3 in mouse brain extract (McDonald et al., 2000). The JNK scaffolding proteins 

can regulate the activites of the JNK pathway. Deletions of the JNK scaffolding 

proteins lead to phenotypes that are similar to that of KO models of MKKKs, MKK4, 

and MKK7 mutants, indicating specificity in the scaffolding proteins. 

Large signaling complexes are thought to be transported intact and attached 

to motors and vesicles, JNK signaling could influence the motor transports and this 

may be a possible mechanisms (Goldstein, 2001). If the JNK complexes are not 

localized to a particular area because the actual transport is modified by JNK 

deletion, then the signal will be perturbed based on location. The JNK interacting 

proteins (JIPs) are scaffolding proteins that bind to the MAPKKK, MAPKK, and 

MAPK of the JNK pathway (Whitmarsh et al., 1998; Ito et al., 1999; Yasuda et al., 

1999; Kelkar et al., 2000). Molecular motors are thought to be linked to their cargo 

by scaffolding proteins and the JIPs have been shown to interact with the kinesin-1 

motor (Verhey et al., 2001). The JNK signal may therefore be perturbed at various 

levels and this issue was not thoroughly addressed in these experiments, but may 

represent a mechanism by which JNK is able to induce the minor changes seen in 

the neuromuscular system. In depth investigations into the transport of JNK, its 
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scaffolding complexes, and th attachment to molecular motors will be necessary to 

determine if the deletion of a JNK isoform alters these processes. 

 

FUTURE JNK STUDIES 

Although caveats of these experiments have been presented, the overall 

consensus remains that the JNK isoforms may be important in the maturation and 

maintenance of lumbar MNs. This warrants further study and a next step might be to 

understand the role of the JNK3 isoform in MN development. The mammalian 

genome consists of the JNK1, JNK2, and JNK3 isoforms; the JNK3 isoform may 

play role in MN maturation and preservation.  This model was not investigated in this 

thesis, but it is an area of interest for the laboratory.  JNK3 deficient mice are more 

resistant to MPTP induced cell death, implicating a role for JNK in 

neurodegeneration (Hunot et al., 2004). JNK3 KO animals also have reduced 

kainate acid induced apoptosis and inhibition of JNK3 can inhibit neurodegeneration 

(Yang et al., 1997b; Pan et al., 2009). JNK3 may play a role in lumbar MN 

maturation and stabilization, and experiments are being initiated using the JNK3 KO 

mouse model. The JNK3 isoform has been shown to contribute to apoptosis in 

neurons, suggesting that the characterization of the JNK3 KO animals is of 

importance to complete the story of JNK signaling in MN development (Bruckner et 

al., 2001; Waetzig and Herdegen, 2003). The laboratory has aquired the JNK3 KO 

animals and will embark upon studies to address the role of the JNK3 isoform in 

lumbar MN in vivo. 
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It would also be of interest to test the role of the individual JNK isoforms in a 

model of MN degeneration, injury, or stress to determine if a loss of a particular JNK 

isoform exacerbates a pathological state. It  has been demonstrated that the JNK 

signal is different depending on the isoform and context, therefore in a stress model 

in lumbar MNs JNK function might be revealed  (Mielke et al., 2000; Newbern et al., 

2007). The JNK1 and JNK2 isoforms may play a role in a model that has MN 

pathology. If the effects are enhanced, then you might suspect that the addition of a 

JNK isoform is a cell specific matter might be able to attenuate the pathological 

state.  Future studies, might solidify the role of a specific JNK isoform in MN 

maintenance and may suggest a possible mechanism in which subsets of MNs 

degenerate.  

JNK1 and JNK2 may be important in maturation of lumbar MNs and it may be 

useful to study to understand developmental events in double transgenic JNK1 and 

JNK2 KO and HT animals.  Due to the nature of the KO model that was utilized here, 

the possibility of altered regulation in the remaining isoforms may mask the role of 

the deleted isoform. The interaction and competition that would be available in the 

presence of all three JNK isoforms may also be absent in the single JNK KO 

animals. The delicate balance might be modified and in this case the remaining 

isoform may exhibit increased activity (Tuncman et al., 2006).  

In the neuromuscular system, this model has demonstrated evidence for 

limited, but distinct roles for the JNK1 or JNK2 isoforms in lumbar MNs in vivo. 

Ultimately, the utility of a conditional, tissue specific, or double transgenic JNK 

mouse models would help to tease out the role of the JNK isoforms in MNs in vivo.  
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The JNK1 and JNK2 isoforms are ubiquitously expressed and the KOs used in these 

studies was totally devoid of either the JNK1 or JNK2 isoforms. The utility of MN 

and/or muscle specific deletion might delineate the role of the JNK isoforms in the 

neuromuscular system.  

 The activity of JNK is increased by ER stress and via hyperactivation of JNK 

and the absence of the JNK signal may increase the concentration of stress within 

the lumbar MNs (Urano et al., 2000; Ozcan et al., 2004). Additionally, the ASK1 

protein, a MAPKKK of the JNK pathway, is implicated in the pathogenesis of ALS 

with the deletion of ASK1 increases survival and reduces the extent of lumbar MN 

loss (Nishitoh et al., 2008). In the absence of ASK1 the JNK signal may be 

ameliorated, conversely, overexpression of ASK1 leads to JNK phosphorylation and 

apoptosis (Ichijo et al., 1997; Saitoh et al., 1998; Hatai et al., 2000; Tobiume et al., 

2001). The disregulation of the JNK signaling pathway is important in reducing 

cellular stress and the maintenance of MN health. 

 Our studies did not address or investigate situations of stress or injury, 

however, it is plausible to image that in a stress model in combination with the JNK 

deletion, and the effects may be enhanced. JNK disregulation may be occurring in 

MN pathologies and future JNK studies may be important in understanding the 

mechanisms that are seen in many common neuromuscular diseases. The JNK1 

and JNK2 isoforms signaling in MNs may be important in MN maturation, and early 

and late onset MNDs. 
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CONCLUSION 
 
 This thesis demonstrates that the JNK isoforms may play a subtle role in MNs 

in vivo. However, the JNK pathway may be important in understanding specific 

signaling pathways that are important in establishment and maintenance of MNs. 

Additionally, this model has not been stressed and because JNK is also known as a 

stress activated protein kinases, a JNK specific role may become more apparent in a 

stress model.  A next step might be to elucidating their role in a stress model 

 In conclusion, the JNK1 or JNK2 isoforms may differentially regulate lumbar 

MN-muscle interactions with the JNK1 and JNK2 appearing to be minimally 

important at earlier postnatal times in achieving MN –muscle interactions, and JNK1 

possibly  playing a role in maintenance (Figure 41). These data contribute to the 

idea of JNK isoform specificity depending on the cell and context and elucidating the 

individual roles of the JNK isoforms may be important in identifying the molecular 

mechanisms of MN-muscle interactions.  
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A MODEL OF JNK1 AND JNK2 SPECIFIC ROLES IN MN 
MATURATION AND MAINTENANCE 

 
 

 

 

 
 

 

 
 

JNK2 

JNK1 KO 

JNK1  KO or  JNK2 KO 

JNK1 and JNK2 

Normal Development 

A. JNK2 is important in neurite initiation  

B.  JNK1 and JNK2 are important in neurite elongation  

C. At  P14 th MN and muscle have established motor units 

D. At  P14,  JNK1 or JNK2 deletion may delay neurite initiation  

and elongation 

Figure 41.  A proposed model summarizing the role of the JNK1 and JNK2 
isoforms in MN maturation and maintenance.  Adapted from (Barnat et al., 2010) 
and (Chang et al., 2003). 

E. In adulthood, JNK1 may be required for the maintenance of 

 the neuromuscular system 
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