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ABSTRACT 

 Amyotrophic lateral sclerosis (ALS) is a rapid and fatal neurodegenerative 

disease, characterized by the denervation of the neuromuscular junction and death of 

motor neurons. When cells face stressful insult the heat shock response is activated in an 

attempt to reduce intracellular calamity. The heat shock response is identified by the 

increased expression of heat shock proteins (HSPs), which act as part of a chaperone 

network within the cell to combat an unfolded protein response. Motor neurons exhibit an 

aberrant heat shock response and do not upregulate the expression of Hsp70 under 

stressful conditions. Both intra- and extracellular events in ALS disease pathology 

contribute to cellular stress. We have previously shown that administration of 

recombinant human Hsp70 (rhHsp70) is protective to the survival of motor neurons and 

significantly delays denervation of the neuromuscular junction in the SOD1-G93A mouse 

model of ALS. The constitutively expressed iso-form of Hsp70 – Hsc70 – also promotes 

motor neuron survival in primary cultures. Unfortunately, the price of both commercially 

available proteins makes them cost prohibitive to study, thus acquiring them by different 

means is necessary for further investigation. Here we present a reliable protocol for the 

small-batch purification of rhHsc70 and examine its therapeutic viability in treating ALS.  
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CHAPTER 1 

Introduction 

 From the onset of neurogenesis neurons exist along a stress-continuum ranging 

from physiological homeostasis to conditions preceeding cell death. There are many 

factors that dictate a neuron’s position on this scale at any given time, but the intrinsic 

ability of the neuron’s stress machinery to maintain the intracellular environment and 

respond to intra- and extracellular challenges is arguably the most important. If the cell 

does not possess the correct machinery, or the available stress machinery is unable to 

cope with the stressful insult, a cascade of detrimental events can be exacerbated, 

including protein misfolding and aggregation, generation of reactive oxygen species, 

membrane lipid peroxidation, and cytoplasmic organelle fragmentation and 

vacuolization, all of which will inevitably lead to cell death (Welch & Suhan, 1985; 

Dobson, 2003; Rao & Bredesen, 2004; Kaur, McKeown, & Rashid, 2016). Thus, with the 

obvious disaster that can result from un-mediated stress, it is easy to imagine that nature 

would have provided us with machinery up to the rigorous task of maintaining 

homeostasis.  

One of the most biologically conserved cellular responses to stress, the heat shock 

response, is characterized by an upregulation of inducible members of the heat shock 

protein family (HSPs). The HSPs are responsible for mediating intracellular 

homoeostasis by maintaining the correct folding behavior and translocation of proteins 

under both normal and stressful conditions (Welch, 1992). The heat shock response, 

characterized specifically by the upregulation of the HSPs, is the cellular rebuttal to 

stressful stimuli; it is a means of protection under many conditions resulting in cellular 
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insult, such as extreme temperature, radical generation of reactive oxygen and nitrogen 

species, and cellular disease in particular, where HSP-modulated signaling can interfere 

with the apoptotic cascade and inhibit cell death (Welch, 1992; Morimoto et al., 1997; 

Beere, 2000; Ali et al., 2011). The heat shock response is a critical line of cellular defense 

and has been studied in the context of neuronal survival and protection against countless 

diseases and cellular insults. This avid exploration into the heat shock response, and the 

proteins responsible for maintaining cellular homeostasis, has provided us with a wealth 

of knowledge about the HSPs that we can now explore in translational research in the 

treatment of disease. The following will review the major molecular chaperones in the 

heat shock protein family, their functional roles in the protein quality control system, and 

their relevance as potential therapeutics in 3 neurodegenerative diseases – amyotrophic 

lateral sclerosis, Parkinson’s Disease, and Alzheimer’s Disease – and finally, present an 

argument for large biological molecules to return to the forefront of therapeutic design to 

combat the rapidly escalating occurance of clinical proteopathies.  

 Over the course of the last two decades, an in-depth exploration of the functional 

roles of the different memebers of the HSPs has divided them into seven distinct classes 

(Eisen et al., 1998; Gasch et al., 2000; Richter et al., 2010). The most prevalent of the 

HSPs, those initially discovered after noticing the appearance of engorged chromosomes 

following heat shock in the Drosophila (Ritossa, 1962), are classed as the molecular 

chaperones. The molecular chaperones are comprised of a collective of 5 conserved 

branches that vary in molecular weight, level of expression, and functional role in the 

protein quality control system. We will first focus on general protein folding and the 

molecular chaperone model before exploring three major branches of the molecular 
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chaperone family – the Hsp70s, Hsp110s, and Hsp90s – and their significance in 

maintaining cellular proteostasis. 

Protein Folding & The Molecular Chaperone Model 

In general, newly synthesized amino-acid sequences fold in an organized pattern, 

from a linear polypeptide chain to a three dimensional native state via structural 

intermediates that provide increasing kinetic favorability and architectural stability (Hartl 

& Hayer-Hartl, 2009). When a cell begins to undergo stress the molecular chaperone 

model predicts that this process is significantly perturbed, resulting in an increase in 

cytosolic protein species incapable of achieving their native folded state and the 

undesirable surface expression of large sequences of hydrophobic amino acids along the 

peptide. In short, the surrounding environment kinetically traps the peptide in a less 

kinetically favorable and more reactive intermediate structure (Jahn & Radford, 2005). 

The molecular chaperones are responsible for accelerating the folding of the peptide’s 

structure by reducing the activation energy required to move to the next kinetically 

favored intermediate (Chakraborty et al., 2010; Sharma et al., 2008). The HSPs are 

recruited to proteins that express these hydrophobic stretches, which act as a marker for 

partially or globally unfolded, misfolded, or aggregated proteins. By binding to these 

hydrophobic patches with their substrate binding domain (SBD), the chaperones reduce 

the potential for further damaging molecular interactions between nonnative peptides and 

subsequently allow for the refolding of the peptide back to a stabilized quarternary 

structure. Part of what makes the HSPs so efficient in this process is their component 

structure. The SBD of each member of the molecular chaperones is comprised of a 

hydrophobic pocket that is capable of promiscuously binding to any and all peptides that 
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present an attractive and available sequence (Bukau, Heckerkamp, & Luirink, 1996; 

Viitenan et al., 1992), while the nucleotide binding domain (NBD) is externally available 

for interaction with cochaperones to accelerate the conversion and replacement of ADP 

with ATP. Additionally, this structural framework allows the HSPs to contribute to the 

re-folding of the client peptide without having to provide any structural modifications to 

the protein sequence (Sharma et al., 2008; Richter et al., 2010). The functional binding 

and release of proteins by the HSPs is highly regulated and usually requires an ATP-

dependent conformational change that is directed by a tightly coupled cochaperone 

network (Hartl et al., 2011). 

The Molecular Chaperones – Hsp70 

 Hsp70 is evolutionarily preserved across prokaryotic and eukaryotic species 

throughout biology. The mammalian protein shares roughly 60% amino acid similarity 

with its prokaryotic homolog, DnaK, and is widely considered one of the best 

phylogenetic nominators in molecular biology (Gupta & Singh, 1994). The human Hsp70 

family is comprised of 8 unique isoforms encoded by 8 different genes, all of which 

differ from the next by amino acid sequence, expression level, and functional interactions 

(Tavaria et al., 1996). Two of these family members, Hsp70-5 and Hsp70-9 are organelle 

specific and remain confined to the endoplasmic reticulum and the mitochondria, 

respectively, while the remaining 6 Hsp70 members are found in the cytosol or nucleus 

of the cell, which is likely indicative of specialized functions for each individual member 

(Daugaard et al., 2007). The two members of the human Hsp70 family that share the 

highest amount of structural similarity are the stress-induced Hsp70 (encoded by the 

HSPA1 and HSPA2 genes) and the constitutively expressed Hsc70 (encoded by the 
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HSPA8 gene), which share 86% amino acid identity. Interestingly the two proteins, 

which seem to function in the same mechanical system, appear to have some uniquely 

divergent functions. For instance, Hsc70 appears to be essential for the disassembly of 

clathrin-coated vesicles, the trafficking of autophagy-labeled proteins to endosomes near 

synaptic membranes, and, in newly published data from Fontaine, the release of client 

peptides into the extracellular space (Bukau, Wiessman, & Horwich, 2006; Uytterhoeven 

et al., 2015; Fontaine et al., 2015) . While both proteins participate in the disaggregation, 

refolding, and degradation of abnormal proteins (the fate of which seems to be dependent 

on the cochaperone network that recruits the client protein), Hsp70 is unique in that it’s 

able to stoichiometrically upregulate itself under stressful conditions via release of the 

transcription factor Heat Shock Factor 1 (HSF1). HSF1, the global stress-induced HSP-

upregulator is stored in an internal compartment in cytosolic Hsp70/Hsp40 protein 

complexes (Milner & Campbell, 1990; Richter et al., 2010). There is a wide range of 

cochaperones and nucleotide exchange factors that participate with Hsp70 in the protein 

refolding process, but the major cochaperone that associates with the Hsp70 family is 

Hsp40, which is responsible for accelerating the catch and release of client proteins by 

stimulating Hsp70’s ATPase domain (Richter et al., 2010). Taking into account the recent 

evidence that suggests the divergent roles that the members of the Hsp70 family have, it 

is now imperative for investigations into these proteins to have the highest degree of 

specificity in examining their potential use in cellular disease prevention or treatment. 

The Molecular Chaperones – Hsp110 

 Hsp110 is another highly-conserved molecular chaperone that appears to be able 

to directly associate with Hsp70 as a part of the protein refolding process. The Hsp110s 
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have the same general structure as that of the Hsp70 proteins, however they seem to be 

less associated with the re-folding of nascent polypeptides, and instead appear to assist 

with the release of ADP and the replacement of ATP from the nucleotide binding domain 

of Hsp70 (Raviol et al., 2006; Dragovic, et al., 2006; Polier et al., 2008). By forming a 

trimeric complex with Hsp70 and Hsp40, Hsp110 completes the major mammalian 

cytosolic disaggregase machinery (Shorter, 2011). As the major cellular mechanism for 

mammalian protein quality control, it seems logical that the individual components 

required to make the machinery are abundantly available in the cytosol of the cell, yet the 

Hsp110 machinery is expressed at much lower concentrations compared to Hsc70 

(Nillegoda et al., 2015), indicating that the availability of Hsp110 may be a necessary and 

crucial factor in using the HSPs as therapeutic modulators of proteopathies (Nagy et al., 

2015). 

The Molecular Chaperones – Hsp90 

 Hsp90 is the most unique, and arguably sophisticated, member of the molecular 

chaperones. In contrast with the Hsp70s, Hsp90 appears to be much more selective in the 

client proteins that it will associate with (Picard, 2002; Lackie et al., 2017). Continually, 

these client proteins will more often than not be native-like proteins – those that are in the 

secondary and tertiary intermediate structures – rather than misfolded peptides, which has 

led to the hypothesis that Hsp90 is the chaperone responsible for the final acceleration in 

the formation of the mature protein (Jakob et al., 1995). Additionally, the Hsp90 

machinery appears to have the most organized network of sequentially binding 

cochaperones that appear to work together in a defined order (Pearl & Prodromou, 2006; 

Taipale et al., 2010), which seems to be a more concrete, but similar process to that of the 
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catch and release of proteins by the Hsp70 machinery (reviewed by Lackie et al., 2017). 

This increased level of selectivity and defined chaperone process has made Hsp90 an 

intriguing protein to study in the realm of proteopathies, as the protein appears to be more 

active in protein synthesis in homeostatic conditions than when the cell is under stress 

thanks to a widely diminished cochaperone network under heat shock. Experiments 

elucidating this in yeast demonstrated the upregulation of one major Hsp90 cochaperone, 

Sti1, a non-competitive inhibitor of Hsp90 ATPase function. Upregulation of Sti1 forces 

Hsp90 into a “holdase” by preventing the necessary conformational changes required for 

release of the client peptide (Richter et al., 2003; Hessling et al., 2009). Thus, just like the 

Hsp70s it appears that the state of the cellular environment mediates the cochaperone 

networks that are required for the different functions of the molecular chaperones.  

HSPs & Clinical Proteopathies – Amyotrophic lateral sclerosis 

 There is substantial interest in using the HSPs as potential candidates for 

therapeutic modifications toward clinical proteopathies, especially in amyotrophic lateral 

sclerosis (ALS), Parkinson’s Disease (PD), and Alzheimer’s Disease (AD) (Mack & 

Shorter, 2016). In ALS, a rapidly progressing motor neuron disease, patients experience 

muscle weakness, spasticity, atrophy, paralysis, and eventual death within 2-5 years of 

diagnosis (Rowland & Shneider, 2001; Julien, 2001). All of these symptoms result from 

the denervation of the neuromuscular junctions and the death of spinal and cortical motor 

neurons. While the vast majority (~90%) of ALS cases are sporadic, approximately 20% 

of the genetic, or familial, cases have been associated with autosomal dominant mutations 

in the gene coding for the protein Cu/Zn superoxide dismutase-1 (SOD1) (Rosen, 1993). 

A generous portion of scientific study surrounding ALS has been directed toward the 
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multitude of mutations to the SOD1 protein (mSOD1), which all seem to promote SOD1 

demetallation and a reduction of the stability of SOD1 monomers, resulting in a toxic 

gain of function, non-specific interaction with unnatural targets, and the insufficient 

degradation of superoxide radicals in motorneurons (Jaarsma et al., 2000; Beckman et al., 

2001; Crippa et al., 2013; Kaur et al., 2016; Banerjee et al., 2016). Within a year 

following the discovery that mSOD1 protein was associated with ALS, the first mouse 

model – the SOD1
G93A

 – was created to research the disease (Gurney et al 1994). This 

model, which only represents a small portion of ALS patients world-wide, is arguably the 

best characterized model of motor neuron disease (Hegedeus et al 2007; Vinsant et al 

2013), yet it has fallen under some scrutiny among clinical professionals since its use as a 

drug screening model has not resulted in effectively translatable therapeutics for human 

ALS patients. 

 In ALS the first clinical symptoms appear to result from the denervation of the 

neuromuscular junctions (NMJs) – the points of contact in the periphery where the motor 

neuron transmits synaptic signals to induce muscle contraction. Pathologically, early 

changes in the cell bodies of the motor neurons in the spinal cord seem to correlate with 

the initial signs of denervation at the NMJ, both of which long precede the death of the 

motor neuron (Mourelatos et al 1996; Bendotti et al 2001; Vinsant et al 2013). While the 

mechanism of denervation is not yet clear, evidence from both human sporadic ALS 

patients and the SOD1
G93A

 mouse model has led to the hypothesis that these early 

disturbances in motor neuron cell bodies, including an accumulation of abnormal 

neurofilament and vacuolization of mitochondria, propagate axonal and synaptic deficits 

that lead to a retraction of the motor axon from the neuromuscular synapse (Rothstein et 
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al., 1993; Siklos et al., 1996; Zhang et al., 1997; Frey et al., 2000; Bendotti et al., 2001; 

Fischer et al., 2004). The combination of the early intracellular damage and loss of 

trophic support due to denervation lends support to the dying back hypothesis, which, if 

correct, provides a potentially valuable point of intervention for disease modifying drugs 

in the treatment of the disease (Ferri et al., 2003; Coleman & Perry, 2002).  

With regard to the HSPs, motor neuron disease is an interesting model to study. 

Work done in previous years has demonstrated that motor neurons exhibit an aberrant 

heat shock response where they are unable to upregulate the production of Hsp70 

following heat shock, oxidative stress, or trophic factor deprivation (Robinson et al., 2005 

& 2008) suggesting a potential reason for motor neurons to be particularly vulnerable to 

increased levels of stress. Excitingly, extracellular delivery of recombinant human Hsp70 

conferred protection to motor neurons in both cellular (Robinson et al., 2008) and murine 

(Gifondorwa et al., 2008 & 2012) models of ALS. Specifically, extracellular Hsp70 

proved to be a critical component for motor neuron survival in cultures deprived of 

trophic factors, and in the spinal cord of SOD1
G93A

 mice at later stages of the disease. 

Futhermore, animals that received recombinant human Hsp70 in these studies had a 

significantly longer lifespan and an increased amount of neuromuscular junction 

innervation by the most ALS-susceptible motor neurons – those that innervate myosin 

heavy chain type IIB fibers. Strikingly in the mouse model there was no indication that 

the recombinant protein crossed the blood brain barrier and acted in the central nervous 

system, hinting at the possibility that there are extracellular proteins that may act as 

disease modifiers to accelerate neuromuscular denervation, and furthermore that it may 



10 
 

not be critical to directly penetrate the cell and bind to intracellular targets in motor 

neurons to effectively change the rate of progression of ALS pathology.  

 Hsp70, however, is not the only HSP of interest in motor neuron disease. Hsp110 

and Hsp90 are also being explored as intracellular, disease-modifying proteins in models 

of ALS. The Hsc70/Hsp70 protein disaggregation machinery requires cochaperone 

interaction specifically with Hsp110 and Hsp40 to function. It is also possible that 

intracellular stress levels overwhelm the cochaperones in this network leading to an 

imbalance in the protein quality control system. Interestingly, laser capture microscopy 

on motor neurons from presymptomatic mice expressing mutat SOD1
G85R

 protein 

revealed significantly increased expression of only a single cellular chaperone – one of 

the three cytosolic, mammalian Hsp110 isoforms, HspH1 (Bandyopadhyay et al, 2013). 

In follow-up studies targeting the Hsp70 cochaperone network, SOD1
G85R 

rats had an 

extended survival following forced over expression of Hsp110 in motor neurons. 

Moreover this effect that was exacerbated by co-overexpression of Hsp110 and Hsp70 

(Nagy et al, 2016), suggesting that targeting HSP cochaperones may also be effective 

intracellular targets of modulation in treating motor neuron disease.  

Hsp90, while not being directly studied in a therapeutic context for ALS, does 

appear to provide information elucidating disease progression and death of the afflicted 

motor neurons. Recent work exploring protein nitration in ALS has indicated that motor 

neurons accumulate a nitrated species of Hsp90 (nHsp90) correlating with disease 

progression (Franco et al., 2013). It is hypothesized that the cytotoxic effects of mSOD1 

protein accumulation in motor neurons induce the expression of neuronal nitric oxide 

synthase (nNOS), and motor neuron cell death correlates with an increase in inducible 
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NOS (iNOS) production by microglia and astrocytes during reactive gliosis at later stages 

of ALS (Almer et al., 1999; Crippa et al., 2013; Kaur et al., 2016). The increase in NOS 

in motorneurons and glia in ALS leads to an increase in nitric oxide, capable of 

generating the peroxynitrate species that is suspected of being responsible for the 

nitration of Hsp90 (Beckman et al. 1990; 1992; Ischiropoulos et al 1992). Notably, the 

preliminary evidence suggests that accumulation of nHsp90 in later stages of the disease 

is capable of inducing apoptosis via stimulation of the P2X7 receptor, upstream of the 

motorneuron-specific Fas cell death pathway (Franco et al., 2013). An accumulation of 

nHsp90 was seen in both SOD1
G93A

 mice as well as in spinal cord samples from human 

ALS patients, potentially suggesting that nHsp90-induced motor neuron cell death could 

be a common mechanism for cell body loss in both the ALS animal models and in human 

patients. 

HSPs & Clinical Proteopathies – Parkinson’s Disease 

As with mSOD1 in ALS, the accumulation of aberrant α-synuclein (α-syn) in 

dopaminergic neurons in the substantia nigra pars compacta is thought to play a major 

role in the pathology of Parkinson’s Disease (PD). It is estimated that 80% of 

dopaminergic cells are lost before PD patients begin to demonstrate the necessary motor 

symptoms – bradykinesia, excessive muscular rigidity, and/or tremor or postural 

instability – required for a PD diagnosis (Hughes et al., 1992; Chung et al., 2001). The 

accumulation of elongated α-syn fibrils in distinct intracellular inclusions called Lewy 

Bodies (LBs) is a major hallmark of PD, however the functional role of the native protein 

is poorly understood (Braak et al., 2003; Braak et al., 2004). α-syn is a small (140 amino 

acid residues), highly-conserved neuronal protein, accounting for approximately 1% of 
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total protein content in soluble cytosolic brain fractions (Iwai et al. 1995). The protein 

exists predominantly in pre-synaptic terminals as either an intrinsically unfolded, largely 

hydrophobic monomer or as a more stabilized tetramer, and is thought to be important in 

the recruitment and trafficking of synaptic vesicles (Khale et al., 2000; Fortin et al., 2004; 

Theillet et al., 2016; Bartels et al. 2011). There are two main regions of interest in the 

structure of α-syn. The first region is the central portion of the polypeptide that contains a 

large sequence of highly-aggregation prone hydrophobic amino acid residues known as 

the non-A-beta component of Alzheimer’s Disease plaques (Ueda et al., 1993; Giasson et 

al., 2001). The second region is the extraordinarily acidic C-terminus filled with proline 

residues that are thought to prevent incorrect protein-protein interactions that cause 

protein aggregation (Uversky & Eliezer, 2009). Regardless of the native form of α-syn in 

the cell, as it most likely exists in both the monomeric and tetrameric forms, a large body 

of recent literature suggests that the formation of α-syn oligomers rather than the full 

length α-syn fibrils is the key intermediate step to making the protein a neurotoxic 

species (Karpinar et al., 2009; Danzer et al., 2007; Lashuel et al., 2012). There is 

increasing evidence supporting the hypothesis that accumulation of misfolded α-syn 

oligomers is toxic to dopaminergic nigral neurons, but an absence of evidence that 

elucidates the cellular event that initiates this cascade of improper protein folding and 

interaction. Exploring therapeutics that emphasize protein quality control, like the heat 

shock family of molecular chaperones, may provide a promising clinical path to treating 

PD. 

Preliminary interest in exploring HSP’s in the treatment of PD began in the early 

2000’s when Auluck found that Hsp70 co-localized with α-syn fibrils in LBs in a 
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Drosophila model of α-syn toxicity (2002). Shortly after this data was published, 

evidence for the therapeutic effect of Hsp70 expression via heat shock in a primary cell 

culture model of PD, and genetic overexpression of Hsp70 in a mouse model of PD 

emerged where the chaperone was able to reduce the presence, and prevent the formation, 

of α-syn fibrils (Zhou et al., 2004; Klucken et al., 2004). Furthermore, there is evidence 

to suggest different members of the Hsp70 family are capable of achieving the same 

reduction of α-syn fibril formation. While stress-induced Hsp70 seems to bind to and 

sequester monomeric, pre-fibrillar α-syn to prevent the elongation of previously formed 

fibrils, constitutively expressed Hsc70 appears to act early on in disease progression in a 

similar fashion by binding soluble α-syn in an attempt to prevent the initial formation of 

toxic aggregates (Huang et al., 2006; Dedmon et al., 2005; Pemberton et al., 2011). 

Lastly, evidence in dopaminergic cell culture models demonstrated that Hsp70 is capable 

and efficient at chaperoning α-syn oligomers in the extracellular space to prevent their 

uptake and retrograde transport into other neurons (Danzer et al., 2011). With recently 

emerging evidence highly suggestive of constitutively expressed intracellular 

Hsc70/Hsp40 complexes being responsible for the extracellular release of 

neurodegenerative proteins, including α-syn, pharmacologically increasing the 

intracellular levels of Hsc70, and potentially other Hsp70’s, could accelerate the spread 

of neurodegenerative proteins in these diseases rather than hinder their formation 

(Fontaine et al., 2016; Uytterhoeven et al., 2015). Thus, it is important and 

therapeutically relevant that the administration of extracellular Hsp70 is potentially 

capable of slowing or preventing the spread of disease related proteins from one neuron 
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to another, as an intracellular upregulation of Hsp70 may not be necessary for the protein 

to remain effective in the treatment of PD.  

Around the same time Auluck’s group discovered the presence of Hsp70 and α-

syn in LBs, McLean et al. demonstrated the same co-localization of α-syn in LBs with 

Hsp90 (2002), a finding that was expanded on soon after to show that Hsp90 was the 

most abundant chaperone in LBs, and that it had a strong co-localization with both 

soluble and fibrillar forms of α-syn (Uryu et al., 2006). Given the hypothesis that α-syn 

can be expressed as an innately unfolded monomeric protein, and Hsp90s role in the 

stabilization of immature proteins, the vast amounts of colocalization between the two is 

reasonable. Additionally, it may provide us with a more direct target to the preservation 

of nascent α-syn than Hsp70. As for Hsp90’s use in the treatment of PD, reports suggest 

Hsp90 seems to interact with α-syn in vitro in the hydrophobic pocket of the central 

region of the protein, disrupting the amyloidogenesis of α-syn, but also preventing its 

ability to bind to synaptic vesicles (Falsone et al., 2009). Importantly, this effect was 

shown to be ATP-dependent, and in the absence of ATP – as a cell afflicted with toxic α-

syn species might be – Hsp90 prevented the formation of α-syn fibrils and promoted the 

formation of the seemingly more toxic oligomers. This effect was reversed in the 

presence of ATP where the formation of fibrils was perferred. Of note, geldanamycin – a 

blood-brain-barrier permeable, small molecule inhibitor of Hsp90 – upregulated Hsp70 

and conferred protection to dopaminergic neurons in vitro in Drosophila models of PD 

(McLean et al., 2004; Auluck, Meulener, & Bonini, 2005). Thus, evidence supports the 

clinical use of HSP modulation to treat PD, however, more work is needed to determine 

when these proteins will be most effective in treating the disease.  
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HSPs & Clinical Proteopathies – Alzheimer’s disease 

 Alzheimer’s Disease (AD), currently the most common neurodegenerative disease 

in the world, is characterized pathologically by increasing severity of dementia, 

accumulation of extracellular plaques comprised of amyloid-β (Aβ), and intracellular 

oligomerization of hyperphosphorylated microtubule associated tau proteins. There is an 

extended history of studies investigating the accumulation of misfolded protein species in 

AD, including some that led to arguably the most historic protein-biochemistry 

hypothesis in the last 30 years – the amyloid cascade hypothesis (Hardy & Higgins, 1992; 

Hardy & Selkoe, 2002; Jack et al. 2011). The deposition of Aβ was the first histological 

evidence for misfolded protein in the disease and as such has become a universal 

hallmark, influencing the production of transgenic animal models, proposed clinical 

treatments, and the overall direction the field has taken to study AD for over three 

decades. Aβ, a 42 kDa protein, is the product of improper cleavage of amyloid precursor 

protein (APP) by β- & γ-secretases – the latter of which is formed by a complex including 

the presenilin 1 & 2 proteins (reviewed by Vassar, 2004). The formation of Aβ in this 

manner, when replicated in animal models, is capable of inducing the aggregated plaques 

that have come to mark AD. These transgenic mice, however, fail to fully represent the 

disease as we see it in humans. Muddling the amyloid cascade hypothesis even further, 

evidence demonstrated Aβ amyloidosis in a normally aging population with no apparent 

cognitive decline, suggesting a potentially misunderstood role of the protein in the 

disease. Similarily the tau tangle phenomenon seems to have a striking amount of 

ambivalent evidence that suggests the protein’s important role in the progression, but not 

initial development, of the disease. With the increasing average lifespan of the global 
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population and the rapidly increasing prevalance of AD diagnoses across the globe, a 

massive push has been made in the field to create new hypotheses regarding the onset of 

AD that look to incorporate aspects of both amyloidosis and neurofibrillary tangles, but 

focus on other disease-related changes in neurons, including abnormal wnt signaling, 

slow accumulation of DNA damage, aberrant re-entry of neurons into the mitotic cycle, 

disruptions in de novo protein synthesis, and myelin degradation (reviewed by Tse & 

Herrup; 2017; Mudher & Lovestone, 2002; Ma et al., 2013).  

 Without disregarding the tremendous efforts made in recent years to establish a 

better understanding of all the different implicated protein species in AD, it’s likely safe 

to state that disruptions in all aspects of the protein cycle, from transcription and 

translation of the mRNA to cellular degradation is involved in the development and 

progression of the disease. Since the HSPs play a fundamental role in maintaining proper 

proteostasis in the cell, they have the potential to facilitate an intervention in all aspects 

of AD pathology, and sure enough, Hsp70 confers protection to neurons in multiple 

models of AD. Overexpression of Hsp70 in both culture and mouse models of AD has 

resulted in a decrease in amyloidosis and an amelioration of corresponding behavioral 

symptoms, hypothesized to  be the result of increased clearance of Aβ peptides 

(Margrane et al., 2004; Hoshino et al., 2011). Furthermore, intranasal administration of 

exogenous Hsp70 in mouse models of AD evoked strikingly similar effects (Bobkova et 

al., 2014). Even stronger evidence for the role of Hsp70 in treating AD is found when 

looking at its relationship with Tau. Multiple studies have demonstrated a tightly coupled 

relationship between tau and the constitutively expressed Hsc70 which appears to foster 

the association between tau and tubulin (Dou et al., 2003; Fontaine et al., 2015), as well 
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as quickly reacting to engage tau following destabilization of  microtubule assembly 

(Jinwal et al., 2010). Moreover the Hsc70-CHIP complex, which is responsible for 

marking proteins for degradation via ubiquitination, ubiquitinates phosphorylated tau 

species which effectively enhanced cell survival (Shimura et al., 2004). However in a 

study that compared the stress induced Hsp70 with Hsc70 opposing effects on tau 

clearance were seen. It appears that Hsc70 slows the clearance of tau proteins, potentially 

in an attempt to give the cell time to repair destabilized microtubules, whereas Hsp70 

greatly accelerated the clearance of tau from the cell, increasing cell survival in a model 

of tauopathy (Jinwal et al., 2013). Given Hsc70’s role in the exocytosis of proteins from 

the cell, a strikingly high amount of either Aβ or hyperphosphorylated tau in aging 

neurons could promote accelerated spread of disease related proteins to the extracellular 

domain. Interestingly, point mutations in the nucleotide binding domain of Hsc70 that 

generate a dominant-negative isoform of the protein – an isoform capable of binding 

cochaperones and client proteins, but staying locked in the ADP-bound conformation – 

increased in association and clearance of tau, thus demonstrating the possibility to 

engineer an Hsc70 mutant protein capable of clearing, rather than preserving the 

cytosolic tau species (Fontaine et al., 2015).  

 Hsp90 appears to play a similar role to Hsp70 in maintaining intracellular tau 

homeostasis. The Hsp90-CHIP complex has demonstrated a high affinity to bind 

phosphorylated tau, and is efficient at sequestering and degrading the protein species 

(Dickey et al., 2007). Interestingly, in experiments examining interactions between 

Hsp70 and Hsp90 and tau in HeLa cells, the two molecular chaperones appear to compete 

to bind the tau client (Thompson et al., 2012). In the same studies, the authors 
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investigated HSP levels in human hippocampal tissue and found that patients with AD 

had a selective decrease in inducible Hsp90, but not in Hsp70, compared to non-AD, age-

matched controls. These results open the door to investigations regarding the imbalance 

in intracellular HSP expression levels and how that may relate to disregulation of tau 

proteostasis. It is possible that the disease-associated downregulation of Hsp90 is 

sufficient to cause retention, rather than clearance, of phosphorylated tau. However it is 

also possible that downregulation of Hsp90 is naturally occuring in an attempt to 

upregulate the stress induced HSPs. It is apparent that more investigation into the 

different expression levels, roles, and cooperation between the HSPs is necessary to 

improve their viability as therapeutic targets for AD. 

Location of Action – Extracellular vs Intracellular HSPs 

 The majority of this review has explored the utilization of the intracellular heat 

shock response to protein misfolding during cellular stress. With the exception of cell 

culture systems that model proteopathies there is very limited evidence that exogenously 

administered HSPs can infiltrate disease-susceptible neurons and respond to the 

intracellular protein misfolding. Extracellular Hsp70 (e-Hsp70) is probably the best 

characterized extracellular HSP, and apart from direct intracerebroventricular or 

intranasal administration of the protein to murine models of AD (Ekimova et al., 2010; 

Bobkova et al., 2014) which showed localization in the brain, there is no evidence to 

support intracellular localization of the protein in the CNS following systemic delivery. 

Our lab has published results corroborating these in vivo/in vitro differences in location 

of action in culture and murine models of ALS (Robinson et al., 2005; Gifondorwa et al., 

2008). The effectiveness of e-Hsp70 in the protection of cells has thus become an 



19 
 

intriguing phenomenon to study as it may allow for targeting of membrane-bound 

proteins, transmembrane receptors, and extracellular aggregates.  

The best characterized extracellular targets of Hsp70 are membrane bound 

receptors with the most popularly researched being Toll-like receptor 2 and 4 (TLR-2 & 

TLR-4 respectively), CD-40, and CD-91/LRP (Calderwood et al., 2007). Interestingly all 

of these receptors are expressed on the cell surface of antigen-presenting cells (APCs) 

and binding of e-Hsp70 to all of these receptors results in the endocytosis of the protein. 

Surface receptor/e-Hsp70 binding is capable and sufficient in modulating the 

responsiveness and role of APCs (Asea et al., 2000; Calderwood et al., 2007). Given the 

global presence of APCs in the body, a systemic inflammatory response should be taken 

into account if an attempt to treat diseases with Hsp70 is considered.  

With regard to the CNS, TLR expression has been identified in non-immune cell 

types. Astrocytes and oligodendrocytes seem restricted to the expression of TLR-2 and 

TLR-3 (Bsibsi et al., 2002; Farina et al., 2005) while cortical neurons appear to have a 

expression profile of TLRs that varies depending on cell location and stage of 

development (Tang et al., 2007). Motor neurons exhibit expression of TLR-2, TLR-3, 

and TLR-5 predominantly (Goethals et al., 2010), and upregulation of the TLRs in the 

spinal cord is apparent in Wallerian degeneration following sciatic nerve lesion (Bolvin 

2007). Endocytosis of e-Hsp70 via TLR-2 and TLR-4 binding has been hypothesized as 

one possible mechanism for the protein’s “chaperokine” function in modulating immune 

responses of monocytes (Asea et al., 2002). Similarily e-Hsp70 released by glia following 

heat shock is taken up by the squid giant axon and imported by neuroblastoma cells in 

culture, increasing neuronal stress tolerance (Tytel et al., 1986; Guzhova et al., 2001). 
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With evidence suggesting membrane expression of TLRs on neurons it is possible that a 

similar mechanism of action for the endocytosis of e-Hsp70 could occur in the CNS, 

however a direct relationship between neuronal TLRs and e-Hsp70 endocytosis has not 

been established. Nonetheless, further insight into the functional role of extracellular 

HSPs as well as the mechanism by which they may penetrate and act to confer protection 

to neuronal cells is required to understand the multiple ways they may act as disease 

modifying agents.  

Large vs Small Molecule Treatments for Clinical Proteopathies – Shifting the 

Dogma 

 With the current genetic-modifying tools we have at our disposal on the bench top 

there is plenty of anticipation for the future of individualized patient healthcare, but we 

have a desperate need for therapies to treat neurodegenerative proteopathies now. A 

majority of promising small molecule therapies for these diseases, such as the wide range 

of geldanamycin- and resorcinol-derived small molecule inhibitors of Hsp90, had very 

promising effects in culture and rodent models but their effects fell far short of the mark 

in clinical trials. In ALS, for example, one of the most anticipated clinical trials in recent 

times was that of arimoclomol, a small molecule co-inducer of Hsp70 and Hsp90. 

Arimoclomol, a hydroxylamine derivative, stabilizes the HSF1 trimer in the cytosol as its 

released from the HSP complexes increasing the chance it has to invade the nucleus and 

upregulate expression of the stress inducible HSPs (Kalmar, Lu, & Greensmith, 2014). 

Since motor neurons have an aberrant heat shock response and fail to upregulate Hsp70, 

and are theoretically more susceptible to all bouts of cellular stress, many people in the 

field were hopeful that arimoclomol would induce an artificial stress response capable of 
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dealing with proteotoxic species in the cell. The desired effect, the protection of motor 

neurons, was achieved in mouse models of ALS along with an increased percentage of 

peripheral muscle innervation and an increase in life span (Kieren et al., 2004; Kalmar et 

al., 2012). The drug was fast-tracked by the FDA to clinical trials where it has been 

cleared safe for human use, yet no results on its efficacy in humans have been published 

despite a 4 year period in which the drug has been in a phase two trial. Unfortunately the 

lack of reportable positive results from small molecule treatments in ALS, PD, and AD 

(Petrov et al., 2017; Athauda & Foltynie, 2014; Wishick, Harrington, & Storey, 2014) has 

been an all-too-common narrative in translational science today, suggesting that we may 

need a shift in the dogmatic thinking behind our approach to therapeutic design.  

While there is still hope for the success of arimoclomol, it may be time to re-

assess our approach and bypass the small molecule induction of target proteins and 

instead deliver them directly. As previously stated, systematic injection of Hsp70 in the 

same model used in the arimoclomol studies achieved the same protective effect, yet the 

injected protein was thought to be effective in the periphery at the NMJ and not in the 

spinal cord. With the current lack of treatments for ALS, perhaps it’s time to move 

forward with directly treating the disease with the recombinant human protein rather than 

indirect approaches targeted at developing a synthetic cascade of protein production. In 

line with this rationale, we have continued our work looking at systematic injection of 

HSPs in the treatment of ALS (Gifondorwa et al., 2008 & 2012), further elucidating the 

therapeutic viability of recombinant Hsc70 in the preservation of neuromuscular junction 

integrity, synaptic innervation, and motor neuron survival. It is this continued approach 

of large molecule administration that we urge our fellow investigators to consider in our 
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unified effort to generate a new wave of viable disease-modifying therapies for a rapidly 

escalating population of patients suffering from neurodegenerative proteopathies.  
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Abstract 

 Amyotrophic latera sclerosis (ALS) is a fatal neurodegenerative disease 

characterized by the progressive loss of motor neurons and innervated neuromuscular 

junctions (NMJs). The stress response of motor neurons has been characterized and it has 

been demonstrated that these cells fail to upregulate the stress-inducible heat shock 

protein 70 (Hsp70) under normal stress paradigms. Hsc70, the constitutively expressed 

isoform of Hsp70 shares 86% amino acid identity and is present at high levels in motor 

neurons under physiological conditions. Recombinant human forms of both of these 

proteins (rhHsp70; rhHsc70) have shown protective effects to trophic-factor deprived 

primary motor neuron cultures. Additionally, rhHsp70 was shown to be protective to 

motor neurons in the SOD1-G93A mutant mouse model of ALS following systemic 

administration. The excessive cost of recombinant human protein has, until now, 

prevented further exploration of these findings. Here, we describe a protocol we have 

developed for the reliable small batch purification of rhHsc70 under native conditions. 

The final protein product proved to be comparable in purity and greater in ATPase 

activity than commercially available protein in a side-by-side comparison. Following 

administration to the SOD1-G93A mouse model, rhHsc70 did not alter disease 

progression. These results suggest that the production of rhHsc70 is a comparable and 

cost-efficient method of obtaining recombinant human protein for investigators.  
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Introduction 

 A number of fatal neurodegenerative diseases have been linked to the misfolding, 

aggregation, or disfunction of cytosolic protein species in select subsets of neurons. 

These diseases, classified as neurodegenerative proteopathies, include amyotrophic 

lateral sclerosis (ALS), Parkinson’s Disease (PD), and Alzheimer’s Disease (AD). In all 

of these diseases distinct populations of neurons are afflicted by disfunctional, overactive, 

or aggregated proteins. For example, motor neurons in 2% of ALS pateints have a 

specific vulnerability to mutations in the Cu/Zinc Superoxide Dismutase 1 (mSOD1) 

protein (Rosen, 1993; Gurney et al., 1994). Similarily, correlations between the 

degeneration and death of dopaminergic and hippocampal neurons and the accumulation 

of toxic α-synuclien (α-syn) or β-Amyloid (Aβ) protein species have been proposed in 

PD and AD, respectively (Braak et al., 2003; Hardy & Higgins, 1992). Additionally, the 

formation of cytosolic protein aggregates is a hallmark of cellular stress.  

 To deal with the formation of proteotoxic threats during stress, mammalian cells 

utilize a responsive network of molecular chaperones called the heat shock proteins 

(HSPs) (Welch & Suhan, 1985; Rampelt et al., 2012). The HSPs are a family of 

chaperone proteins that are responsible for maintaining proteostasis under homeostatic 

and stressful conditions that may result from a wide range of both intracellular and 

extracellular insults (Welch, 1992; Morimoto et al., 1997). Under normal conditions, 

linear sequences of translated amino-acid residues fold into increasingly more stable 

polypeptide intermediates until they reach the native state (Hartl & Hayer-Hartl, 2009). 

The molecular chaperone model predicts that stressful conditions result in a cytosolic 

environment that perturbs the correct assembly of nascent polypeptides, and prevents the 
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intermediate structures from achieving the necessary energy of activation to reach the 

next hierarchical confirmation (Jahn & Radford, 2005). The HSPs are responsible for 

binding to these client peptides and facilitating a reduction in the activation energy 

required to reach the tertiary or quarternary structure (Chakraborty et al., 2010; Sharma et 

al., 2008), or engage aggregated or misfolded protein species in an attempt to 

disaggregate and refold them or mark them for cellular degradation (Bukau et al., 2006; 

Rampelt et al., 2012).  

 A trait that is relatively unique to the HSPs is their ability to signal their own 

genetic upregulation (Campbell & Milner, 1990). Infact, the upregulated expression of 

inducible members of the HSPs is the single hallmark of an active heat shock response to 

cellular insult (Ritossa, 1962; Welch, 1992). Interestingly, evidence suggests that during 

neuronal differentiation neurons experience a reduction in their ability to exhibit a classic 

heat shock response (Oza et al., 2008). Motor neurons seem especially prone to this as 

they fail to upregulate heat shock protein 70 (Hsp70) following thermal, oxidative, and 

peroxidative stress, even when those conditions were combined with trophic factor 

deprivation (Robinson et al., 2005 & 2007). In these experiments, exogenously 

administering either recombinant human Hsp70, or the constitutively expressed Hsc70, to 

culture media drastically increased motor neuron survival and prevented cell death. These 

findings are directly in support to evidence showing that extracellular HSPs secreted by 

glial cells or target muscle cells are able to increase neuronal stress tolerance (Tytell et 

al., 1986; Ghuzova, et al. 2001; Robinson et al., 2005; Taylor et al., 2007). Continually, 

removing Hsp/c 70 from muscle extract greatly reduced its survival promoting effects to 
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cultured motor neurons, confirming that the presence of extracellular Hsp/c 70 is critical 

to the survival of trophic factor-deprived motor neurons (Robinson et al., 2005 & 2007). 

 In ALS, peripheral muscle denervation occurs early in disease progression, 

coincident with mitochondrial vacuolization and the potential generation of reactive 

oxygen species. Strikingly, these initial changes have been demonstrated well before 

motor neuron cell death (Rothstein et al., 1993; Siklos et al., 1996; Zhang et al., 1997; 

Mourelatos et al 1996; Frey et al., 2000; Bendotti et al 2001; Fischer et al., 2004; Vinsant 

et al., 2013). The drastic increases in both extracellular and intracellular stresses, 

compounded by the inability of motor neurons to upregulate the necessary stress-

response machinery, suggests that supplementation of Hsp70 is a viable therapeutic 

option for treating motor neuron disease. Furthermore, we have demonstrated that 

exogenous administration of recombinant human Hsp70 is sufficient to extend survival 

and maintain increased amounts of neuromuscular innervation in later stages of animal 

models of ALS (Gifondorwa et al., 2008; Gifondorwa et al., 2012). Interestingly, 

however, evidence shows that intracellular upregulation of Hsp70 is not effective in 

conferring protection to motor neurons (Liu et al., 2005), raising multiple questions. 

There are hypotheses predicting that both retrograde and anterograde axonal transport 

defects prevent the protein from traveling from the cell body to the NMJ or vice versa 

(Williamson & Cleveland, 1999; Vande Velde et al., 2004; Liu et al., 2005), or that 

basaly elevated levels of the HSPs, especially Hsp70 & Hsc70, in motor neurons 

negatively regulate the expression levels of the proteins (Manzerra et al., 1997; Batulan et 

al., 2006).  
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Intracellular upregulation of Hsp70 with additional members of its cochaperone 

network does appear protective to motor neurons affected by SOD1 toxicity (Kieren et 

al., 2004; Kalmar et al., 2012; Nagy et al., 2016). Arimoclomol, a small molecule co-

inducer of Hsp70 and Hsp90 that functions to stabilize the HSF1 trimer in the cytosol as 

it is released from the HSP complexes, is a prime example of the protective effects of 

upregulating the Hsp70 cochaperone network. This mechanism increases the HSF1 

transcription factor complexes available to invade the nucleus and upregulate expression 

of stress inducible Hsp70 and Hsp90 (Kalmar, Lu, & Greensmith, 2014). Further, 

overexpression of Hsp27 in cultured neuronal cells facing mSOD1 challenge reduces 

apoptotic cell death, an effect compounded by co-overexpression of both Hsp27 and 

Hsp70 (Patel et al., 2005). Additionally, the forced overexpression of Hsp110 also 

confers protection to SOD1-affected motor neurons in vivo, an effect that also appears to 

be increased upon combined overexpression of Hsp70 and Hsp110 (Nagy et al., 2016). 

These results, while promising, indicate that multiple components of the molecular 

chaperone network must be upregulated to generate the most effective intracellular 

protections against mSOD1 toxicity in motor neurons.  

Arimoclomol is currently in a phase 2 clinical trial in human ALS patients after 

proving effective in treating the mouse model, however, as the increased expression of 

Hsp70 is not a naturally occuring physiological reaction in response to cell stress, simply 

providing the extracellular neuromuscular junction (NMJ) with the recombinant human 

Hsp70 protein may potentially be more effective than synthetically inducing a global heat 

shock response. There are, however, a number of challenges associated with this 

approach as well, including the formation of antibodies against the recombinant protein 
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that may limit extracellular Hsp70’s effectiveness (Gifondorwa et al., 2012). Continually 

there are 8 different members of the human Hsp70 family of molecular chaperones, and 

recent evidence is suggestive of unique cellular roles for each of them, despite the fact 

that they operate using the same mechanism (Daugaard et al., 2007). There is a need to 

understand the strucutal and functional differences between the Hsp70 family members 

before proceeding with the use or modulation of Hsp70 as a clinical therapeutic. 

 Hsc70, the most abundant molecular chaperone expressed by motor neurons, is 

fivefold more abundant than the stress inducible Hsp70 (Oza et al., 2008; Nagy et al., 

2016). The proteins share 86 % amino acid similarity and as such have been implicated in 

the same functional roles in cellular protein quality control (Gupta & Singh, 1994). Our 

lab has demonstrated a method for the purification of recombinant human Hsc70 

(rhHsc70), and its protective effects to cultured motor neurons following exogenous 

administration (Robinson et al., 2007). It is not known if exogenous administration of 

Hsc70 is capable of providing protection to motor neurons in vivo. Additionally, our 

previous work with Hsp70 demonstrated a protective effect via an extracellular 

mechanism (Gifondorwa et at., 2008 & 2012). Hsc70’s increased association with lipid 

membranes may allow the protein to be taken up into the motor neuron axon via 

endocytosis or through association with toll-like receptors (Asea et al., 2000; Calderwood 

et al., 2007). Thus, administering exogenous Hsc70 may provide crucial insight into the 

different roles extracellular heat shock proteins play in survival promoting activity, and 

provide data for the use of large biologics as a treatment for neurodegenerative 

proteopathies – an avenue considerably hindered by the cost and variability of 

commercially available proteins.  
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 Here we describe a method for the reliable small batch production and 

purification of functionally active recombinant human Hsc70 (rhHsc70), and examine its 

effect on the preservation of hindlimb NMJ innervation in the SOD1
G93A

 mouse model of 

ALS.  
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Materials and Methods 

Animals. All animal experiments were approved by the Wake Forest University Animal 

Care and Use Committee. Wild type females and SOD1
G93A

 males (B6SJL-TgN (SOD1-

G93A) 1Gur), obtained from Jackson (Bar Harbor, ME), were bred to generate SOD1
G93A 

 

mice. At postnatal day 21 (P21) pups were weaned, separated by sex, and genotyped via 

tail snips to confirm the presence of the human gene variant of superoxide dismutase 1. 

For this study 52 SOD1 mice were treated with rhHsc70, and 46 SOD1 control mice were 

treated with bovine serum albumin (BSA) – see recombinant protein treatments below. 

Protein Purification 

Preparation of rhHsc70 Colonies. Human Hsc70 clones were created previously 

(Robinson et al. 2007) and stored at -80
o
C. Clones containing the vector for rhHsc70 

were streaked across an agar plate treated with kanamycin (Fischer, BP906-5) and 

ampicillin (Omnipure, 2200), and incubated overnight at 37
o
C. From that plate, a single 

colony was selected to ensure a single replicable clone was used for all batch 

purifications. Agar plates were stored at 4
o
C after overnight incubation at 37

o
C. 

Bacterial Expression of rhHsc70. 75 mL of LB Broth containing 25 ug/mL Kanamycin, 

200 ug/mL Ampicillin, and a stab of the bacterial clone was grown overnight in an 

incubator at 37
o
C, agitated at 250 rpm, to create a seed culture, as per the Qiagen 

expression protocol. 50 mLs of the seed culture was added to 1L of LB Broth containing 

the same concentration of antibiotics listed previously. The liter of broth was incubated 

under the same conditions until the bacteria reached log growth, as measured by optical 

density in a bench top spectrophotometer, at which point the expression of the rhHsc70 
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was induced by the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 1mM. After 4 hours, bacteria were collected into pellets via 

centrifugation at 5000g for 15 mins in a Sorvall Super T21 centrifuge at room 

temperature. The supernatant was decanted and pellets were stored at -20
o
C until lysis 

and purification.  

Buffers for Purification. All buffers used a consistent chemical composition, but varied 

in concentrations. The buffers used are as follows: Lysis Buffer [20 mM Tris Base 

(Fischer BP152-1), 5 mM Imidazole (Fischer, 03196-500), and 600 mM NaCl (Sigma 

S9888) – pH 8], Base Buffer [20 mM Tris Base (Fischer BP152-1), 5 mM Imidazole 

(Fischer, 03196-500), and 10 mM NaCl (Sigma S9888) – pH 8], High Salt Buffer [20 

mM Tris Base (Fischer BP152-1), 5 mM Imidazole (Fischer, 03196-500), and 1.5 M 

NaCl (Sigma S9888) – pH 8], Elution Buffer [20 mM Tris Base (Fischer BP152-1), 50 

mM Imidazole (Fischer, 03196-500), and 10 mM NaCl (Sigma S9888) – pH 7]. 

Lysis of Bacterial Cells. Bacterial cell pellets were resuspended and enzymatically lysed 

(10 mL/g of pellet) in a Lysis Buffer containing 0.1 mg/mL of Lysozyme (Sigma, L6876) 

and 1mM Protease Inhibitor Cocktail (Sigma, P8849) for 30 mins on ice. The solution 

was then sonicated on ice for 3 cycles of 60 seconds on, 30 seconds off using a 550 Sonic 

Dismembranator (Fischer). Following Sonication, Bacterial debris was cleared from the 

solution via centrifugation at 12,000g for 45 mins at 4
o
C in a Sorvall Super T21 

Centrifuge. The supernatant was carefully removed from the solution, pooled, and chilled 

briefly on ice. Surfact-Amps Triton X-114 (Thermo, 28332) was added to the supernatant 

to a final concentration of 1% (v/v) and the solution was rocked for 30 mins at 4
o
C, 

before warming for 15 mins in a 37
o
C water bath to cloud the detergent. The solution was 
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cleared by centrifugation at room temperature in a Sorvall SuperT21 Centrifuge at 

10,000g for 10 mins to further eliminate any bacterial membranes. The supernatant was 

carefully removed and passed through 0.2uM super syringe filter with a 0.8uM prefilter 

immediately before column purification. 

Nickel-Affinity Column Purification of rhHsc70. A 12 mL column bed was created 

from His-Select Nickel Affinity Gel (Sigma P6611) and prepared according to the 

supplier’s protocol and stored at 4
o
C. The column was equilibrated with 5 volumes of 

Base Buffer, prior to the application of the filtered bacterial extract. The supernatant was 

loaded to the equilibrated column at a flow rate of 1 mL/min and was then washed with 5 

volumes of High Salt Buffer, followed by 5 volumes of Base Buffer. All washes were 

performed at a flow rate of at least 2 mL/min. The recombinant protein was then eluted 

from the column in 5 mL fractions using Elution Buffer and stored on ice. Fractions 

containing protein were identified via resolution across a 10% acrylamide gel, stained 

with QC Colloidal Coomassie (Bio-Rad 161-0803). Fractions were pooled and 

immediately dialyzed in 2L of 0.9% NaCl USP Saline (Sigma, S1679) using a 10,000 

Molecular Weight Cut Off Slide-a-Lyzer (Thermo, 66456) for 1 hour, twice at room 

temperature, before dialyzing in a 3
rd

 2L of Saline overnight at 4
o
C. To remove bacterial 

endotoxin from the purified protein, the dialyzed protein solution was treated twice, 

consecutively, with Surfact-Amps Triton X-114 at a final concentration of 1% (v/v), as 

during the lysis step. and the supernatant was carefully removed before repeating the 

process a second time. We confirmed the absence of endotoxin via the PYROGENT Gel 

Clot LAL Assay (Lonza), and protein was considered clean after testing negative at less 

than 0.06 EU/mL.  
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Size Exclusion Chromatography. After testing negative for endotoxin, the protein 

solution was loaded onto a 50 mL column of Sephadex G75 (Sigma), which was pre-

equilibrated with 90 mL of saline. The protein was passed through the column under low 

pressure and collected in 1 mL fractions which were stored on ice. 40 uL of each fraction 

were denatured in 5x Laemmli’s Sample Buffer and resolved on a 10% gel, and stained 

with coomassie to determine fractions with the highest level of purity. Selected fractions 

were pooled together, sampled for concentration and activity assays, and then aliquoted 

for injection and stored at -80
o
C. Protein concentration was determined by the Modified 

Lowry Protein Assay (Bio-Rad), and protein activity was determined by a modified 

ATPase assay (described below) on the same day as size exclusion chromatography to 

eliminate freeze/thaw cycles. 

ATPase Activity. Functional protein activity was assessed by an assay that measures the 

cleavage of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) and inorganic 

phosphate (Pi). RhHsc70 was normalized via concentration then added to a reaction tube 

containing Assay Buffer [50 mM Hepes-KOH, 100 mM KCl, and 10 mM MgCl2 – pH 

7.4], 1 uM Hsp40, and 40 mM ATP, and incubated for 2 hours at 37
o
C in a dry oven. To 

assess the release of Pi we updated the original assay (Ames, 1966) that utilizes the 

reduction of a phosphomolybdate complex via ascorbic acid to work in a 96 well plate. 

Briefly, ascorbate (Sigma, A-7631) was dissolved to 10% ascorbic acid in Milli-Q H2O, 

and mixed 1:6  (v/v) with 0.42% ammonium molybdate dissolved in 1 N H2SO4. In a 96-

well plate, 30 uL of incubated rhHsc70 sample solution and 70 uL of the ascorbic 

acid/molybdate reaction buffer were combined, quickly mixed at 400 rpm on a MixMate 

(Eppendorf), and incubated for 30 mins at 37
o
C before measuring the absorbance at 820 
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nm on an Epoch spectrophotometer (BioTek). Protein samples were run in triplicate, in-

plate, with a 7-point standard curve. We assigned the release of 25 pmol of Pi to be 

equivalent to 1 unit of protein activity. 

Western Blotting. Western Blots were performed using standard procedures. 15 ng of 

recombinant protein was loaded per lane and resolved on a 10% gel, then transferred to a 

Immobilon-FL polyvinylidene difluoride (PVDF-FL) membrane for blotting using 

standard procedures. Membranes were blocked in a solution of 1:1 (v/v) Odyssey 

blocking buffer in TBS for 45 mins at room temperature. Primary antibodies used were as 

follows: Rat Monoclonal Hsp70/Hsc70 (ENZO Life Sciences, 1B5) 1:5000 and Rabbit 

Polyclonal Anti-6x Histidine (Abcam, ab9108) 1:1000. Blots were incubated in primary 

antibodies overnight at 4
o
C, followed by 4 x 5 min washes in TBS, and incubation of 

1:5000 Goat-anti-rat (680) and Donkey-anti-rabbit (800) secondary antibodies (LICOR) 

at room temperature for 1 h in the dark. Blots were washed 4 additional times (5 min 

each) before being imaged. 

Animal Treatment Regimen 

Recombinant Protein Treatments. The earliest behavioral changes in mouse gait in the 

SOD1
G93A

 model appear to occur at P30, which also correlates to the initial signs of 

hindlimb muscle denervation (Vinsant et al., 2013) and thus, was the time point chosen 

for the start of treatments. Previous studies demonstrated P75 as the time point where 

systemic injection of recombinant Hsp70 was most effective, and thus this was chosen as 

our ending point (Gifondorwa et al., 2007). Following confirmation of genotype, mSOD1 

positive animals were treated via intraperitoneal (I.P.) injection with either rhHsc70 or 
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bovine serum albumin (BSA) diluted in sterile saline. We have demonstrated previously 

that BSA had no significant survival promoting effect in this paradigm when compared to 

sterile saline alone, and thus we chose to use BSA as our control injection to account for 

antibody production in response to injection of foreign proteins (Gifondorwa et al., 

2007). Animals received injections three times a week, and to reduce liter variability all 

animals that received rhHsc70 in this study had at least one age-, litter-, and gender-

matched, BSA-treated control. RhHsc70 injections were based on protein activity level, 

as measured by the cleavage of inorganic phosphate from adenosine triphosphate (ATP) – 

see ATP activity assay. We chose this measure to normalize the injections against any 

variability in protein activity between purified batches.  

Localization of rhHsc70. To determine the localization of injected protein, animals were 

treated for 5 straight days starting at P30. 30 mins following the final injection mice were 

given an overdose of a Ketaset/Xylazine mixture and sacrificed. Rapid dissection of the 

following tissues was perfomed immediately after sacrifice: liver, lung, spleen, tibialis 

anterior and soleus muscles, brain, and spinal cord separated into dorsal and ventral 

halves. All tissue for these experiments was flash frozen in liquid nitrogen, and stored at -

80
o
C until affinity precipitation and western blotting. Frozen tissue was homogenized in a 

non-denaturing lysis buffer containing 50 mm Tris-HCl pH7.5, 150 mm NaCl, 1% NP-

40, and 1 mm EDTA, and 10uL/mL of protease inhibitor cocktail (Sigma, P8849). The 

homogenate was 0.45 uM filtered and applied to pre-equilibrated His-Select Nickel 

Magnetic Agarose Beads (Sigma, P6611), as per the manufacturer’s instructions. 

Overnight incubation of the recombinant protein with the beads was enhanced with gentle 

agitation (350 rpm) via a MixMate orbital shaker (Eppendorf). The next day the beads 
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were spun at 5000 rpm for 30 sec and the supernatant was pipetted off and saved. The 

bead pellet was then washed twice with 500uL of Base Buffer before elution with 40 uL 

of Elution Buffer (see Buffers for Purification below). The elution was resolved across a 

10% acrylamide gel for western blotting (see Western Blotting). 

Evaluation of Hindlimb NMJ Innervation  

Sacrifice and Tissue Preparation. Mice were sacrificed via standard cardiac perfusion 

methods. Briefly, mice were given an overdose of a Ketaset/Xylazine mixture and 

prepared for cardiac perfusion with a flush of PBS before fixing the tissue with 75 mL of  

2% paraformaldehyde (PFA) diluted into a 0.2 M sodium phosphate buffer, pH 7.5. After 

fixation, the brain, spinal column, and tibialis anterior and soleus muscles of the hind 

limbs were dissected and processed through a 0.2 M sodium phosphate buffered sucrose 

gradient (2 days in 10% sucrose followed by 2 days in 20% sucrose) before embedding. 

Neural tissue was post-fixed overnight at 4
o
C in 2% PFA prior to sucrose processing. The 

tissue was embedded in small mounting blocks with O.C.T. solution (Tissue-Tek), flash 

frozen in 2-methyl-butane, and stored at -20
o
C until cryosectioning. Embedded blocks 

containing TA and Soleus muscles were cryosectioned at 40 uM and collected in serial 

sections on Plus slides (Fisher, 12-550-15). Sections were labled with antibodies against 

pre-synaptic markers neurofilament (NF-L) and vesicular acetylcholine transferase 

(VAChT) and the post synaptic marker α-bungarotoxin (α-BTX) – see 

immunohistochemistry below. A minimum of 150 NMJs were counted per animal from 

sections sampled through the entire muscles. 
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Immunohistochemistry. Frozen sections were rehydrated in Tris-buffered saline (TBS), 

and then blocked for 1 hour in TBS with 5% normal donkey serum (NDS), and 0.3% 

Triton-x100 (TX), followed by an overnight incubation at 4
o
C with the following primary 

antibodies: goat anti-NF-L (1:500, Santa Cruz 7717) & goat anti VAChT (1:750, Santa 

Cruz 12980). Sections were washed 3x 7 mins in TBS before a 1 hour incubation with 

donkey anti-goat IgG-A488 secondary antibody (1:500, Invitrogen A11055) diluted in 

TBS with 2% NDS. The secondary antibody was removed and sections were incubated 

with α-bungarotoxin-555 (1:500, Fisher-MP B35451) for 15 mins. Sections were washed 

3 x 7 mins in TBS and coverslipped using Fluoro-Gel (EMS, 17985-30) before being 

sealed with cytoseal60 (VWR, 102090-994). 

Statistical Analysis. All samples for determination of NMJ denervation were coded prior 

to analysis and the individuals evaluating NMJ innervation were blinded to the code. 

Statistical analysis (Graph Pad Prism 5) was performed by generating a mean value (% 

innervated NMJs/Total NMJs) followed by formatting the standard error of the mean. 

Statistical significance for NMJ innervation was determined using a Kruskal-Wallis one 

way analysis of variance followed. 
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Results 

Protein Purification 

Protein Production. The use of large biologics, especially proteins, to treat 

neurodegenerative diseases has been hindered by their excessive cost and variances in 

their purity or activity between batches. In light of this our lab previously developed a 

protocol for the purification of rhHsc70 using denaturing conditions (Robinson et al., 

2007). While highly effective at generating protein at high purity, the buffer system we 

used previously utilized a series of harsh chemicals that lead to rapid protein aggregation 

during renaturing when attempting to upscale to larger batches of protein. For this reason 

we developed a non-denaturing purification protocol for rhHsc70 (Figure 1).  

 

 

Figure 1: rhHsc70 expression and purification timeline. Schematic reference for the protocol developed to 

express and purify rhHsc70 under native conditions. Refer to the Protein Purification section of the 

methods for descriptions of individual steps listed in this schematic. 
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Expression of rhHsc70. We chose a chemical induction system using Isopropyl β-D-1-

thiogalactopyranoside (IPTG) to express the vector containing our human protein 

sequence. We consistently induced the expression of rhHsc70 following the addition of 

IPTG to a final concentration of 1mM (Figure 2a, right). We did not detect the presence 

of rhHsc70 in pre-induction samples (Figure 2a, left). Positive induction was confirmed 

for each batch before proceeding with protein production.  

Removal of Endotoxin. Following the lysis of bacterial cells, we chose to perform an 

initial detergent (Triton TX-114) treatment of the rhHsc70 solution to disrupt the 

association of bacterial endotoxin (LPS) with rhHsc70, however this single treatment 

proved to be insufficient in completely removing LPS from the purified protein product, 

thus we added additional TX-114 treatments after protein collection from the affinity 

column. We found that rapid and non-preventable protein aggregation occurred when we 

attempted to perform additional TX-114 treatments post-dialysis, thus to counter this we 

performed the additional LPS removal immediately following elution from the affinity 

column. We found that a minimum of three TX-114 detergent treatments (one pre-

purification and two post-elution) were required to achieve an endotoxin level less than 

0.6 EU/mL. 

Removal of Protein Degradation Products. Following lysis and purification via Ni
2+

 

affinity chromatography we also noticed the presence of lower molecular weight 

contaminants in eluted fractions that contained high concentrations of rhHsc70 (Figure 

2b). These fragments were immunoreactive with anti-Hsc70 antibodies upon western blot 

(data not shown) and we hypothesize that they are the individual substrate binding and 

nucleotide binding domains of rhHsc70 given their molecular weights. To remove these 
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products, we chose to pass our endotoxin-free protein solution through a Sephadex G75 

size-exclusion matrix. Size exclusion chromatography was effective in eliminating these 

protein bands as demonstrated by our product comparison which indicates our final 

product is comparable in purity with commercially available (StressMarQ) recombinant 

human protein (Fig. 2c). Continually, we confirmed that we purified the 6x-his-tagged 

human Hsc70 protein expressed by our vector via western blot by double labeling with 

antibodies specific to Hsc70 and 6x-histidine (Figure 2d). Additionally, upon analysis 

following mass spectrometry, our protein achieved 76% sequence coverage, a number 

well within the expected value given the protein concentration of the sample distributed 

for proteomic analysis (Table 1). These data suggest that the protocol we’ve developed 

for the non-denaturing purification of rhHsc70 is a reliable cost-efficient alternative to 

purchasing rhHsc70 for investigators who wish to use Hsc70 in experimental models. 
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Figure 2: Purification of rhHsc70 yields an equally pure and more active product than commercially 

available protein. (a) Coomassie stained protein bands indicate the IPTG-induced expression of rhHsc70. 

(b) Coomassie stained protein bands of eluted 6x-histidine tagged rhHsc70 following histidine-selective 

affinity chromatography. Note the presence of a prominent band at 70 KDa following affinity 

chromatography suggestive of highly pure recombinant protein. The presence or absence of rhHsc70 or 

commercially purchased protein (StressMarq) is indicated by +/- respectively above the gel lanes. (c) Side-

by-side comparison of rhHsc70 (left), following final purification via size exclusion chromatography, with 

commercially available protien (right) demonstrating no differences in final product purity. (d) Co-labeling 

of rhHsc70 protein bands (left) in the presence of antibodies to 6x-histidine (green) and Hsc70 (red) 

indicate correct purification of rhHsc70. Commercially available protein (right) was used as a positive 

control for antibody detection and molecular weight. (e) rhHsc70 (n=5 batches) has greater ATPase 

activity in a side-by-side comparison with commercially available protein (n=1 batch). Error bars represent 

standard error (SEM). 
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Table 1: Peptide mass fingerprint analysis of rhHsc70. In solution digestion of rhHsc70 

resulted in 75.9% amino acid sequence coverage. 

Protein  Molecular 

Weight (KDa) 

Accession 

Number 

Unique 

Peptides 

Sequence 

Coverage (%) 

Hsc70 (Human) 70.9 P11142 59 75.9 
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ATPase activity. In order to refold and release proteins Hsc70 must utilize and replenish 

ATP from the nucleotide binding domain to open and close the helical lid of its substrate 

binding domain (Richter et al., 2010). Thus the refolding activity of Hsc70 is ATPase-

dependent so we compared the ATPase activity of our protein with commercially 

available recombinant protein. In a side-by-side comparison, we found that our protein 

released a greater amount of Pi than commercially available protein (Fig. 2e).  

Protein activity will inevitably vary between batches, thus before proceeding to 

administer our protein to animals we chose to normalize our doses to a repeatedly 

achievable level of ATPase activity to ensure that each treatment provided a consistent 

amount of active protein. We assigned 1 unit of protein activity equal to 25 pMol of Pi 

released in our ATPase activity assay and, using this measure, created a dose response 

curve to analyze the therapeutic viability of exogenously administered rhHsc70 on 

preserving peripheral muscle innervation. On average, 1 unit of protein activity was equal 

to 1 ug of protein across batches, such that a 20 unit injection of protein contained 

approximately 20 ug of protein. Importantly, control animals received injections 

containing an equivalent concentration of BSA to the corresponding concentration of 

rhHsc70. 

Assesment of Therapeutic Viability 

rhHsc70 Does Not Slow NMJ Denervation. Following confirmation of active protein, 

we next assessed rhHsc70’s therapeutic viability in preserving neuromuscular junction 

innervation in the SOD1
G93A

 mouse model of ALS. Previously, we have shown that 

systemic administration of recombinant human Hsp70 delays peripheral muscle 
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denervation in this mouse model (Gifondorwa et al., 2012). Initial denervation of the 

most susceptible motor neurons, those innervating myosin heavy chain Type 2b fibers 

(FF), occurs within the 4
th

 postnatal week in the SOD1 mouse (Gould et al., 2006). The 

Tibialis Anterior (TA) is predominantly composed of Type 2b fibers and thus serves as a 

prominent target to measure early denervation in this model (Pun et al., 2006). We, and 

others, have shown that treatments aimed at delaying peripheral NMJ denervation were 

most effective at prolonging symptom onset and increasing lifespan, when they began at 

P30 (Gifondorwa et al., 2007; Gifondorwa et al., 2012; Kieran et al., 2004), thus we 

chose P30 as our starting point for treatment.  

Unexpectedly, I.P. administration of rhHsc70 appeared to have no effect on 

delaying FF motor neuron denervation in the TA at any dose compared to age-sex-litter-

matched control animals that received an equivalent sized dose of BSA (Figure 3a).  

rhHsc70 Does Not Accelerate Disease Progression. The soleus muscle, in contrast to 

the TA, expresses almost entirely Type 1 muscle fibers which are innervated by slow 

motor neurons (S) – the most resistant to denervation (Pun et al., 2006), and thus serves 

as a within-animal control. There was no change in innervation in soleus, between 

rhHsc70 and BSA treated animals (Figure 4a). These data suggest that systemic 

administration of rhHsc70, while incapable of delaying FF motor neuron denervation, did 

not negatively impact disease progression by accelerating S motor neuron denervation. 
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Figure 3: I.P. injection of rhHsc70 does not attenuate NMJ denervation. (a) At P75 there is severe 

denervation of NMJs innervated by fast-fatigable MNs in the TA in SOD1 mice. Treatment with multiple 

doses rhHsc70 failed to delay or prevent this denervation as compared to BSA treated controls. Data are 

represented as percent of total NMJs + SEM at each dose. There were no groups statistically different from 

each other as determined by running a Kruskal-Wallis one way analysis of variance (P=0.0796). For 

treatment groups Hsc10 n = 18; BSA 10 n = 19; Hsc20 n = 14; BSA 20 n = 9; Hsc40 n= 12; BSA 40 n = 

11; Hsc60 n =  8; BSA 60 n = 7.  (b,c) Immunofluorescence images to illustrate criteria for innervated (b) 

and denervated (c) NMJs at P75. Colocalization of α-Bungarotoxin-labeled clusters of AChRs (red) with 

VAChT positive presynaptic terminals (green) indicate innervated NMJs. 
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Figure 4: rhHsc70 treatment did not accelerate denervation of slow motor neurons. (a) At P75 there is 

limited, if any, denervation of NMJs innervated by slow-fatigable or fatigue-resistant MNs in the Soleus of 

SOD1 mice. Treatment with rhHsc70, at any dose, did not induce significant denervation of NMJs in the 

Soleus compared to BSA treated animals. Statistical analysis was performed as described in Figure 2, 

P=(0.789). For treatment groups Hsc10 n = 18; BSA 10 n = 19; Hsc20 n = 14; BSA 20 n = 9; Hsc40 n= 12; 

BSA 40 n = 11; Hsc60 n =  8; BSA 60 n = 7. (b) Immunofluoresence images demonstrating soleus NMJ 

innervation. Colocalization of α-Bungarotoxin-labeled clusters of AChRs (red) with VAChT positive 

presynaptic terminals (green) indicate innervated NMJs. 
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Discussion 

For complex disorders, small molecule treatments have not, as of yet, been an 

effective strategy in treating patients and thus it may be necessary now to turn to the use 

of large biologics. Our study confirms that it is possible to express and purify 

recombinant human Hsc70 with efficiency. The use of exogenously administered 

rhHsc70 and rhHsp70 has been shown by our lab to effectively confer protection to motor 

neurons in in vitro models of cell stress (Robinson et al., 2005 & 2007), which is 

suggestive of similar protein functionality between Hsc70 and Hsp70.  

For decades evidence has suggested that the presence of multiple cytosolic Hsp70 

family members is functionally redundant (reviewed by Kabani & Martineau, 2008). 

Indeed, in yeast, the simultaneous deletion of three out of the four Ssa proteins – the yeast 

homologs to the Hsp70s – can be compensated for by the over-expression of the 4
th

 

protein, which is highly suggestive of functional redundance (Werner-Washbourne et al., 

1987). Continually, the same intracellular cochaperones bind to the different cytosolic 

members of the Hsp70 family, which further supports similar functional roles of the 

constitutive and stress induced members. Consistent with this, our previous results 

suggested that exogenously administered Hsp70 and Hsc70 acted identically to maintain 

motor neuron survival in trophic factor deficient culture models (Robinson et al., 2005). 

Further, we have demonstrated and replicated evidence of exogenously administered 

rhHsp70’s ability to confer protection to SOD1-afflicted motor neurons in vivo 

(Gifondorwa et al., 2007; Gifondorwa et al., 2012), thus the results of the current study 

raise intriguing questions regarding yet unknown differences between these two proteins. 
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Unique Characteristics of Hsc70 vs Hsp70?  

There are very few reports that characterize divergent functions of Hsc70 and 

Hsp70 (Arispe et al., 2002; Goldfarb et al., 2006; Jinwal et al., 2013). In our initial in vivo 

work characterizing the administration of rhHsp70, immunoprecipitation and probing 

with a human Hsc70 specific antibody suggested that the injected protein localized in 

high quantities to the skeletal muscle and the liver (Gifondorwa et al., 2007). Localization 

to the skeletal muscle indicates that the rhHsp70 attenuates NMJ integrity via an 

extracellular mechanism. Localization to the liver indicates that the injected protein is 

largely metabolized following systemic administration. While localization is not 

complete, one reason for the lack of a protective effect of rhHsc70 on NMJ denervation 

may be the result of increased metabolism of the protein. In side-by-side comparative 

experiments Hsc70 demonstrates a greater affinity for lipid binding than Hsp70, which 

supports its common association with lipid membranes and vesicular proteins (Arispe et 

al., 2002), but may also suggest that an increased association between rhHsc70 and lipids 

results in quicker degradation. Indeed hyperlipidemia in skeletal muscle of mSOD1 mice 

has been reported (Fergani et al., 2007), and this may attribute to increased association 

between rhHsc70 and lipoproteins, thus resulting in accelerated clearance of the protein 

from skeletal muscle.  

With regard to protein functionality, there is limited comparison of substrate 

binding affinity and transport between Hsc70 and Hsp70. Hsc70 has recently been 

implicated to play a major role in the extracellular release of neurodegenerative-disease-

associated proteins (Fontaine et al., 2016), and additionally to promote synaptic protein 

turnover via endosomal microautophogy (Uytterhoeven et al., 2015), however neither of 
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these roles was demonstrated to be Hsc70 specific as opposed to Hsp70. One report 

recently compared Hsp70 and Hsc70 and found that Hsp70 has a higher binding affinity 

for destabilized tau than Hsc70 and that binding of tau by Hsp70 accelerated cellular 

clearance of the protein while association of tau with Hsc70 resulted in a deceleration and 

accumulation of destabilized tau species. Further, tau-bound Hsc70 was unable to recruit 

the cochaperone CHIP, which is known to facilitate the ubiquitination of tau, whereas 

tau-bound Hsp70 was able to associate with CHIP normally (Jinwal et al. 2013). These 

results, while not suggestive of divergent binding partners between the two chaperones, 

do suggest that differences in functions and cochaperone associations exists between 

Hsp70 and Hsc70 when they bind to the same client protein. We have previously 

suggested that the extracellular protective effect of rhHsp70 may be the result of Hsp70 

binding a toxic protein species at the NMJ (Gifondorwa et al., 2007 & 2012). Thus 

divergent associations, actions, or rate of actions once bound to a toxic protein species 

may explain the lack of a protective effect of rhHsc70 that we report here.  

The major findings in the present study provide a cost-efficient, replicable method 

for the purification of rhHsc70 that is both equally pure as, and more active than, 

commercially available protein. Upon intraperitoneal administration to the SOD1
G93A

 

mouse model of ALS, rhHsc70 appeared to have no effect in delaying peripheral muscle 

denervation in the TA by P75. Administration of the protein, however, did not accelerate 

the progression of the disease, as there was no significant change in soleus innervation at 

P75. Our findings suggest that either modification of rhHsc70 is required to prevent 

metabolism and increase the protein’s chance to be effective, or that Hsc70 and Hsp70 

have functionally divergent roles that have yet to be elucidated. Future studies 
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investigating both of these hypotheses are required to further the design and effectiveness 

of therapeutics aimed at preserving the integrity of the NMJ in ALS.  
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CHAPTER 3 

Heat Shock Response Modulation in Motor Neuron Disease 

 As reviewed in Chapter 1, various different methods to modulate the heat shock 

response have been proposed as a treatment for clinical proteopathies. Evidence in 

experimental models of motor neuron disease has been ambivalent up to this point, with 

some reports suggesting that HSP modulation has protective effects, while other reports 

suggest that they do not (Table 1). In the current study, we successfully developed a 

protocol for the purification of rhHsc70. Continually, we determined that the protein that 

we produced was equal in purity and greater in ATPase activity compared to 

commercially available protein. Following these results, we assessed the efficacy of 

rhHsc70 in the treatment of the SOD1
G93A

 model of ALS, and found that systemic 

administration of rhHsc70 was not effective in delaying the denervation of NMJs, yet the 

reason for its lack of a protective effect is not yet understood. In this final chapter we 

provide speculation to address these results and review the current hypotheses in the field 

to determine how modulation of the heat shock response will be most therapeutically 

beneficial in treating motor neuron disease.  

Hsc70 vs Hsp70 

 Hsc70 and Hsp70 share 86% amino acid sequence identity, and have been 

considered interchangeable through the field due to very few differences in their 

functional roles. The homologs of these proteins in yeast, the Ssa proteins were even 

considered functionally redundant during stress, as the genetic deletion of any 3 of them 
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could be compensated for by the over expression of the 4
th 

(Werner-Washbourne et al., 

1987). Continually, these two human proteins work in the same fashion, utilizing the 

same cochaperone machinery. Further, our initial in vitro experiments demonstrated that 

exogenous application of either protein was capable of conferring protection to trophic-

factor deprived motor neurons (Robinson et al., 2005; Robinson et al., 2007). Thus, we’re 

left with the question, “if these proteins have been considered interchangeable, and they 

appear to function the same way – why didn’t Hsc70 work in vivo?” 

Does Hsc70 Get To Muscle? 

 When we systemically administer a drug to an organism we have to confirm that 

the drug gets to its targeted site of action. The same applies for our recombinant human 

protein. We have previously localized rhHsp70 to skeletal muscle (Gifondorwa et al., 

2007), but even in that report a large presence of the recombinant human protein was 

detected in the liver, which suggests that systemically administered recombinant human 

protein is likely metabolized. It is possible that rhHsc70 was metabolized before making 

it skeletal muscle. Continually, one of the few differences between Hsp70 and Hsc70 are 

their interactions with lipids. Hsc70 is a more lipid permeable protein, and has a higher 

lipid binding affinity than Hsp70 (Arispe et al.,, 2002). While we originally predicted that 

this may result in enhanced protein binding to motor neuron axons in peripheral muscle, 

it may also have resulted in absorption of the protein into tissues other than skeletal 

muscle and thus may be a reason for the protein’s lack of a protective effect. Futher, even 

if the protein is getting to skeletal muscle, hyperlipidemia has been reported in skeletal 
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muscle in the SOD1 mouse, which may result in the clearance of rhHsc70 bound to lipids 

in the skeletal muscle.  

To test if the protein is getting to its target we will attempt to localize the injected 

rhHsc70 via affinity precipitation of homogenized tissue samples from treated animals 

using His-select magnetic affinity beads. These beads will selectively bind to the 

histidine tagged protein and allow us to wash away any other proteins in the sample. 

Following elution from the beads we can perform western blots on samples with 

antibodies against both Hsc70 and the His-tag to double label the protein band.  

Are Hsc70 and Hsp70 Divergent? 

 As stated previously, very few differences in functionality have been determined 

between these proteins. Upon performing a sequence comparison, the proteins appeared 

to differ most in the substrate binding domains, which could reflect differences in the 

ability to bind and release substrates after refolding. This hypothesis was supported by a 

recent report that demonstrated that Hsp70 had a higher binding affinity for destabilized 

tau, and that the presence of Hsp70 was able to promote the clearance of the destabilized 

tau species while Hsc70 decelerated the process (Jinwal et al., 2013). This difference in 

clearance was further associated to tau bound-Hsc70’s inability to interact with CHIP, a 

cochaperone necessary to mark proteins for degradation. Tau bound-Hsp70 was able to 

freely bind to CHIP and thus clear the destabilized tau species. These results do not 

suggest that the Hsp70 and Hsc70 are divergent in their client selection, but potentially in 

their ability to interact with cochaperones after they have bound the same client protein. 

Thus, if rhHsc70 is getting to skeletal muscle and binding the same extracellular partners 
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as rhHsp70, it is possible that they are treating them differently once bound. We have 

planned some initial experiments below to test how these proteins might react differently 

with extracellular binding partners (see Exploring Extracellular Binding Partners).  

Is Intracellular Modulation of the HSPs the Best Approach to Treating ALS? 

 To answer this question we need to take a step back and address the prevailing 

support and hypothesis that led to the initial investigation of the HSPs as therapeutic 

targets for the treatment of ALS. The formation of proteotoxic aggregates of mSOD1 is 

indeed a hallmark of the most widely studied model in the field, and Hsp70 has a high 

binding affinity to the mutant species (Matsumoto et al., 2005). Further, cytoplasmic 

inclusions of mSOD1 appear to be immunoreactive with multiple members of the Hsp70 

family, Hsp40, and Hsp27 (Shinder et al., 2001). As motor neurons are not able to mount 

a standard stress response and upregulate the expression of Hsp70, it has been 

hypothesized that the sequestration of the molecular chaperones inside large aggregate 

complexes results in a deficiency in normal chaperone activity, and thus a selective 

susceptibility to stress (Okado-Matsumoto & Fridovich, 1992). Intracellular upregulation 

of the HSPs, then, is a way to artificially compensate for a protein quality control system 

that gets overwhelmed. When we take this approach, the real question becomes “how 

effective will this be?” 

 In cellular and murine models, this approach can be relatively effective (Table 1). 

Over the course of the last two decades we’ve learned that, as a general rule, the 

modulation of two or more stress inducible HSPs together appears to be much more 

effective than modulation of a single member of the chaperone network, as is the case 
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with Hsp70 and Hsp27 or Hsp70 and Hsp110 (Patel et al., 2005; Nagy et al., 2016). In 

cases like these, or even with arimoclomol which causes a stressed-cell specific induction 

of the heat shock response, the models all achieve a brief temporal increase in the 

survival of motor neurons and a lengthening of lifespan (Kieren et al., 2004; Kalmar et 

al., 2008). Ultimately, no matter how much we upregulate the heat shock response we 

don’t prevent the denervation of NMJs or the death of motor neurons in later stages of the 

disease, which suggests that the aggregation of mSOD1 protein is likely more of a result 

than a cause of the disease. Continually the genetic overexpression of these proteins is 

not a viable translational approach to take into the clinic. It is of note that arimoclomol is 

in a clinical trial for the treatment of ALS patients, but there has been a lack of published 

data regarding this trial and thus the translatability of this approach to human patients is 

still unknown.  

 As it stands, more and more evidence is stacking up against the intracellular 

upregulation of HSPs as a viable therapeutic approach to treating ALS. A piece of 

evidence that seems to be overlooked by those proposing to use the intracellular 

modulation of HSPs in motor neuron disease is the time in which mSOD1 aggregates 

begin to appear. The accumulation of mSOD1 is not apparent until after the first signs of 

NMJ denervation in fast fatigable motor neurons (Gould et al., 2006). Compounding this, 

it does not appear that the presence of mSOD1 proteins affects all motor neurons in the 

same way, as slow motor neurons retain neuromuscular innervation despite the presence 

of mSOD1 protein. Unfortunately, the intracellular upregulation of the HSPs appears to 

quickly be losing ground as a viable method for treating motor neuron disease, thus 

perhaps a more targeted approach exploring extracellular HSPs will be more effective.   
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Extracellular HSPs – Will they be more effective? 

 The role of extracellular HSPs is certainly a more unknown realm to dive into. 

Infact, very little is known about the functions extracellular HSPs can play in vivo. 

Exogenous administration of Hsp/c70 and Hsp90 to culture media is survival enhancing 

for motor neurons (Robinson et al., 2005; Robinson et al., 2007), but the mechanism by 

which these exogenous HSPs act is unknown. Similarily, our previous studies 

demonstrating that extracellular rhHsp70 localizing to skeletal muscle conferred 

protection to motor neurons and NMJs raises questions regarding the mode of action 

peripheral HSPs can use to maintain motor neuron integrity (Gifondorwa et al., 2007; 

Gifondorwa et al., 2012). There is still work that needs to be done to investigate 

extracellular functions of HSPs in regards to motor neurons in vivo, but these findings do 

offer a renewed hope for the use of molecular chaperones in delaying motor neuron 

disease.  

 Unfortunately, even extracellular HSPs have their limitations. The systemic 

administration of rhHsp70 resulted in antibody formation against the protein which may 

have been a reason for its limited effects as antibody binding to the foreign protein may 

have resulted in activation of rhHsp70 (Gifondorwa et al., 2007). Additionally it is 

possible that more of the protein is required to maintain the NMJ at deeper stages in 

disease progression. The biggest challenge we face with using extracellular HSPs are 

their excessive costs. The reason we developed our protocol for protein production was to 

counter the excessive cost of recombinant human protein. The production of recombinant 

protein for the treatment of human patients, even if only for a small clinical trial, is likely 

to cost an outrageous amount. At this point, the best way to utilize extracellular HSPs 
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may be in identifying extracellular or synaptic targets for modulation in motor neuron 

disease.   

Exploring Extracellular Binding Partners 

 We have previously hypothesized that the protective effect of rhHsp70 in 

increasing lifespan and delaying NMJ innervation was due to the binding of toxic 

extracellular factors at the neuromuscular junction. Two proposed binding partners of 

Hsp70 have been examined in respect to this hypothesis – cysteine string protein (Csp) 

and immunoglobulin heavy chain-binding protein (BiP) (Gifondorwa et al., 2007; 

Gifondorwa et al., 2012). Co-immunoprecipitation of Csp with rhHsp70 proved to be 

inconclusive, and the administration of rhHsp70 had no effect on the intracellular levels 

of BiP in motor neurons in these respective reports, thus there is no established 

mechanism of action for the protective effects of rhHsp70. In order to understand why 

rhHsp70 was capable of providing a protective effect to motor neurons we must first 

determine the targets extracellular Hsp70 is binding, however this will be an arduous task 

given the promiscuity of the molecular chaperones and the early onset of denervation in 

the SOD1 mouse.  

 One such binding partner of interest is the mSOD1 protein. Interestingly, the 

localization of mSOD1 protein to the terminal axon of motor neurons occurs temporally 

coincident with the initial signs of NMJ denervation (Gould et al., 2006). Further, 

evidence in cell culture has demonstrated that mSOD1 protein secretion can be mediated 

by chromogranins (Urushitani et al., 2006). Further, as mentioned previously, it appears 

that the accumulation of mSOD1 protein intracellularly occurs after NMJ denervation, 
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suggesting that the loss of the ability to secrete the mutant protein may result in its 

intracellular aggregation (Gould et al., 2006). Thus the secretion of mSOD1 protein into 

the synaptic space may be a compensatory mechanism by motor neurons in an attempt to 

reduce intracellular struss, but may result in disruptions of synaptic architecture at NMJs. 

Hsp70 has a high affinity for the binding of mSOD1 protein (Matsumoto et al., 2005), 

and therefore may promote NMJ integrity by sequestering synaptically released mSOD1 

protein. In our lab’s initial experiments with the systemic administration of rhHsp70 to 

the SOD1 mouse, mSOD1 protein was present in the detergent insoluble fraction of 

skeletal muscle (Gifondorwa et al., 2007). rhHsp70 was not detected in this fraction, 

suggesting it did not associate with insoluble aggregates of mSOD1 protein, but this 

finding does not rule out a possible association between rhHsp70 and monomeric 

mSOD1 protein at the NMJ. 

 To approach this hypothesis we should treat SOD1 animals with rhHsp70 as 

before (Gifondorwa et al., 2007; 2012) and perform immunoprecipitation of Hsp70 

followed by western blotting where to probe with both an anti-human Hsp70 specific 

antibody as well as an antibody to mSOD1 protein. Additionally, should we find that 

rhHsc70 is getting to skeletal muscle we must perform a side-by-side experiment to 

confirm that mSOD1 can be bound by both rhHsc70 and rhHsp70 in vivo. Further, we 

should additionally perform a screen for proteins that co-immunoprecipitate with both 

rhHsc70 and rhHsp70 from skeletal muscle. To do this, we’d need to immunoprecipitate 

the recombinant human protein and then analyze the bands via 2-D gel electrophoresis 

and mass spectroscopy. 2-D electrophoresis will separate individual proteins in solution 

first by isoelectric point and then again by molecular mass. Excision of protein bands of 
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interests can then be enzymatically digested and identified via peptide mass 

fingerprinting. Importantly understanding what species are bound to by extracellular 

Hsp70 and Hsc70 may provide new insight into extracellular targets for therapeutic 

modulation as well as divergent functions of the two proteins.  

Conclusions 

 Here we have offered evidence to suggest that extracellular, rather than 

intracellular application of heat shock proteins is a more promising approach for the 

future understanding of protein-mediated toxicity in ALS. We find that localization of 

systemically administered rhHsp70 localizes to skeletal muscle, and thus might be aiding 

in the maintenace of the NMJ through the removal of toxic factors. Finally we have 

proposed that supporting the neuromuscular synapse is a more viable approach to 

maintaining motor neuron survival as it does not require treatments to cross the blood-

brain-barrier. Thus we advocate for treatments aimed at maintaining NMJ integrity, 

including the administration of extracellular HSPs, to continue to be at the forefront of 

this field.  
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Table 1: Modulation of the heat shock response in models of ALS. A tabular review of 

the method and efficacy of the modulation of the heat shock response in translational 

models of ALS. 

 

HSP(s) 
Method of 

Administration 

Location of 

Action 
Efficacy in Model Reference 

Hsp70 

Overexpression 
Intracellular 

In vivo 

Ineffective at 

protecting motor 

neurons 

Liu et al., 

2005 

Systemic Injection 

Extracellular 

(Hypothesized) 

In vivo 

Increase in Lifespan 

& Delay of Symptom 

Progression 

Gifondorwa et 

al., 2007; 2012 

Exogenous 

Administration to 

culture media 

Intracellular 

In vitro 

Promotion of Motor 

Neuron survival 

following trophic 

factor deprivation 

Robinson et 

al., 2005 

Hsc70 

Exogenous 

Administration to 

culture media 

Intracellular 

In vitro 

Promotion of Motor 

Neuron survival 

following trophic 

factor deprivation 

Robinson et 

al., 2005; 2007 

Systemic Injection Unknown 

Ineffective at 

protecting motor 

neurons 

Current Study 

Hsp90 

Exogenous 

Administration to 

culture media 

Intracellular 

In vitro 

Promotion of Motor 

Neuron survival 

following trophic 

factor deprivation 

Robinson et 

al., 2005 

Hsp 27 Overexpression 
Intracellular 

In vivo 

Delay of Symptom 

onset without 

increasing survival 

Sharp et al., 

2007 

Hsp 27 + 

Hsp70 

Co-overexpression in 

SOD-1 affected ND7 

cells 

Intracellular 

In vitro 

Promotion of cell 

survival 

Patel et al., 

2005 

Hsp110 Overexpression 
Intracellular 

In vivo 
Increase in lifespan 

Nagy et al., 

2016 

Hsp110 + 

Hsp70 
Co-overexpression 

Intracellular 

In vivo 
Increase in Lifespan 

Nagy et al., 

2016 

Induction 

of HSF1 

Arimoclomol 
Intracellular 

In vivo 

Increase in Lifespan 

& Delay of Symptom 

Onset 

Kieren et al., 

2004; 

Kalmar et al., 

2012 

Celastrol 
Intracellular 

In vivo 

Increased lifespan 

and Motor Neuron 

Survival 

Kaiei et al., 

2005 

  



79 
 

References 

Arispe, N., Doh, M., & De Maio, A. (2002). Lipid interaction differentiates the constitutive and 

stress-induced heat shock proteins Hsc70 and Hsp70. Cell Stress & Chaperones, 7(4), 330. 

https://doi.org/10.1379/1466-1268(2002)007<0330:LIDTCA>2.0.CO;2 

Gifondorwa, D. J., Robinson, M. B., Hayes, C. D., Taylor, A. R., Prevette, D. M., Oppenheim, R. 

W., … Milligan, C. E. (2007). Exogenous delivery of heat shock protein 70 increases 

lifespan in a mouse model of amyotrophic lateral sclerosis. J Neurosci, 27(48), 13173–

13180. https://doi.org/10.1523/jneurosci.4057-07.2007 

Gifondorwa, D. J., Jimenz-Moreno, R., Hayes, C. D., Rouhani, H., Robinson, M. B., Strupe, J. L., 

… Milligan, C. (2012). Administration of Recombinant Heat Shock Protein 70 Delays 

Peripheral Muscle Denervation in the SOD1(G93A) Mouse Model of Amyotrophic Lateral 

Sclerosis. Neurology Research International, 2012, 170426. 

https://doi.org/10.1155/2012/170426Goethals, S., Ydens, E., Timmerman, V., & Janssens, 

S. (2010). Toll-like receptor expression in the peripheral nerve. GLIA, 58(14), 1701–1709. 

https://doi.org/10.1002/glia.21041 

Gould, T. W., Buss, R. R., Vinsant, S., Prevette, D., Sun, W., Knudson, C. M., … 

Oppenheim, R. W. (2006). Complete dissociation of motor neuron death from motor 

dysfunction by Bax deletion in a mouse model of ALS. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 26(34), 8774–

86. https://doi.org/10.1523/JNEUROSCI.2315-06.2006 

Jinwal, U. K., Akoury, E., Abisambra, J. F., O’Leary, J. C., Thompson, A. D., Blair, L. J., … 

Dickey, C. A. (2013). Imbalance of Hsp70 family variants fosters tau accumulation. FASEB 

Journal, 27(4), 1450–1459. https://doi.org/10.1096/fj.12-220889 

Kalmar, B., Edet-Amana, E., & Greensmith, L. (2012). Treatment with a coinducer of the heat 

shock response delays muscle denervation in the SOD1-G93A mouse model of amyotrophic 

lateral sclerosis. Amyotrophic Lateral Sclerosis, 13(4), 378–392. 

https://doi.org/10.3109/17482968.2012.660953 

Kiaei, M., Kipiani, K., Petri, S., Chen, J., Calingasan, N. Y., & Beal, M. F. (2005). 

Celastrol blocks neuronal cell death and extends life in transgenic mouse model of 

amyotrophic lateral sclerosis. Neuro-Degenerative Diseases, 2(5), 246–254. 

https://doi.org/10.1159/000090364 

Kieran, D., Kalmar, B., Dick, J. R. T., Riddoch-Contreras, J., Burnstock, G., & Greensmith, L. 

(2004). Treatment with arimoclomol, a coinducer of heat shock proteins, delays disease 

progression in ALS mice. Nature Medicine, 10(4), 402–405. 

https://doi.org/10.1038/nm1021 

Liu, J., Shinobu, L. A., Ward, C. M., Young, D., & Cleveland, D. W. (2005). Elevation of 

the Hsp70 chaperone does not effect toxicity in mouse models of familial 

amyotrophic lateral sclerosis. Journal of Neurochemistry, 93(4), 875–882. 

https://doi.org/10.1111/j.1471-4159.2005.03054.x 



80 
 

Matsumoto, G., Stojanovic, A., Holmberg, C. I., Kim, S., & Morimoto, R. I. (2005). 

Structural properties and neuronal toxicity of amyotrophic lateral sclerosis-

associated Cu/Zn superoxide dismutase 1 aggregates. Journal of Cell Biology, 

171(1), 75–85. https://doi.org/10.1083/jcb.200504050 

Nagy, M., Fenton, W. A., Li, D., Furtak, K., & Horwich, A. L. (2016). Extended survival of 

misfolded G85R SOD1-linked ALS mice by transgenic expression of chaperone Hsp110. 

Proceedings of the National Academy of Sciences, 113(19), 1–5. 

https://doi.org/10.1073/pnas.1604885113 

Okado-Matsumoto, A., & Fridovich, I. (2002). Amyotrophic lateral sclerosis: a proposed 

mechanism. Proceedings of the National Academy of Sciences of the United States 

of America, 99(13), 9010–4. https://doi.org/10.1073/pnas.132260399 

Patel, Y. J. K., Payne Smith, M. D., De Belleroche, J., & Latchman, D. S. (2005). Hsp27 

and Hsp70 administered in combination have a potent protective effect against 

FALS-associated SOD1-mutant-induced cell death in mammalian neuronal cells. 

Molecular Brain Research, 134(2), 256–274. 

https://doi.org/10.1016/j.molbrainres.2004.10.028 

Robinson, M. B., Taylor, A. R., Gifondorwa, D. J., Tytell, M., & Milligan, C. E. (2008). 

Exogenous Hsc70, but not thermal preconditioning, confers protection to motoneurons 

subjected to oxidative stress. Developmental Neurobiology, 68(1), 1–17. 

https://doi.org/10.1002/dneu.20550 

Robinson, M. B., Tidwell, J. L., Gould, T., Taylor, A. R., Newbern, J. M., Graves, J., … 

Milligan, C. E. (2005). Extracellular heat shock protein 70: a critical component for 

motoneuron survival. The Journal of Neuroscience : The Official Journal of the Society for 

Neuroscience, 25(42), 9735–9745. https://doi.org/10.1523/JNEUROSCI.1912-05.2005 

Sharp, P. S., Akbar, M. T., Bouri, S., Senda, A., Joshi, K., Chen, H. J., … de Belleroche, 

J. (2008). Protective effects of heat shock protein 27 in a model of ALS occur in the 

early stages of disease progression. Neurobiology of Disease, 30(1), 42–55. 

https://doi.org/10.1016/j.nbd.2007.12.002 

Shinder, G. A., Lacourse, M. C., Minotti, S., & Durham, H. D. (2001). Mutant Cu/Zn-

Superoxide Dismutase Proteins Have Altered Solubility and Interact with Heat 

Shock/Stress Proteins in Models of Amyotrophic Lateral Sclerosis. Journal of 

Biological Chemistry, 276(16), 12791–12796. 

https://doi.org/10.1074/jbc.M010759200 

Urushitani, M., Sik, A., Sakurai, T., Nukina, N., Takahashi, R., & Julien, J.-P. (2006). 

Chromogranin-mediated secretion of mutant superoxide dismutase proteins linked to 

amyotrophic lateral sclerosis. Nature Neuroscience, 9(1), 108–118. 

https://doi.org/10.1038/nn1603 



81 
 

Werner-Washburne, M., Stone, D. E., & Craig, E. A. (1987). Complex interactions 

among members of an essential subfamily of hsp70 genes in Saccharomyces 

cerevisiae. Molecular and Cellular Biology, 7(7), 2568–77. 

https://doi.org/10.1128/MCB.7.7.2568.Updated 

 

  



82 
 

 

CURRICULUM VITAE 

Education 

 M.S. Neuroscience - Wake Forest University School of Medicine, August 2015 - 

Present 

 B.A. Psychology - Austin College, August 2011 – May 2015  

  

Honors & Awards  

 2015-Present: Scholarship for Graduate Training Experience - Wake Forest 

University School of Medicine. 

 2011-2015: Scholarship for Academic Excellence - Austin College. 

 

Research Experience 

 Wake Forest University School of Medicine: M.S. Thesis - Heat shock protein 

70 & ALS 

 As a Master’s student in Dr. Carol Milligan’s lab at Wake Forest 

University School of Medicine my thesis has focused on the synthesis and 

purification of protein as a clinical therapeutic. I have spent the last year 

and a half developing and utilizing a protocol for the purification of the 

constitutive form of recombinant human heat shock protein 70 (rhHsc70) 

for the treatment of amyotrophic lateral sclerosis (ALS). In ALS 

motorneurons gradually denervate, a process where the axons retract from 

their target muscle, before eventually dying. Through intraperitoneal 

injection of the inducible form of heat shock protein 70 our lab has been 

able to delay symptom onset, preserve neuromuscular integrity, and 

prolong the lifespan of the ALS associated SOD1-G93A transgenic mouse 

model. I have been investigating the therapeutic viability of rhHsc70 by 

first developing a reliable protocol for its purification and then by creating 

a dose-response curve based on the protein’s ATPase activity.  

 

 Austin College: Protein Aggregation Kinetics 

 During my research as an undergraduate in Dr. John Richardson III’s 

laboratory at Austin College, my work focused on modeling protein mis-



83 
 

folding kinetics and designing a therapeutic intervention for the 

aggregation of Beta-2-Microglobulin (β2M). In patients with kidney 

failure who undergo long-term dialysis, there is an accumulation and 

aggregation of β2M along joints causing swelling, inflamation, pain, and 

lack of mobility. In the later portion of that work, I designed a protocol for 

the isolation of the endogenous enzyme neprilysin from mouse kidney and 

was able to hault the seeded fibrillar aggregation of β2M in an in vitro 

model. I present a poster of my data at the 23rd annual Texas Protein 

Folding Conference in March of 2015.  

 Lyon, M., Richardson III, J. (2015, March). A Novel Approach to the 

Disaggregation of β2M Using Neprilysin. Poster presented at the 23rd 

Annual Texas Protein Folders Conference, Cleveland TX. 

 

 University of Texas, Dallas: Modulation of Fear Memory 

 In my time as an undergraduate scientist, I was encouraged to reach out 

and collaborate with neighboring institutions that had a stronger research 

presence in the field of neuroscience than was available at Austin College. 

I was fortunate to gain a research assistant position in Dr. Tres 

Thompson’s lab at the University of Texas, Dallas School for Behavioral 

and Brain Science. In my time here, I worked with a small collective of 

M.S. and Ph.D students who were working to understand how the 

amygdala modulates fear memory. During my time at UTD I was trained 

at the graduate level in both behavioral and electrophysiological 

approaches to neuroscience research and developed a passion for working 

with the brain.  

 

 Highlighted Research Skills 

 Wet Lab Techniques: Cell culture, column chromatography, protein 

purification, immunoprecipitation, immunohistochemistry, SDS-PAGE, 

Western Blot, Procedure and Assay Design. 

 Animal Techniques: I have worked extensively with both rat and mouse 

models and have a high proficiency in colony management and techniques 

such as fear conditioning, intraperitoneal injection, cardiac perfusion, 

cannulation, fixed and fresh-frozen tissue dissection (muscle, organ, brain, 

& spinal column), mouse spinal cord laminectomy, and tissue sectioning 

via cryostat.   

 

 



84 
 

Organizations/Volunteer work 

 Wake Forest University Brain Awareness Council – Volunteer outreach 

program where graduate students travel to underprivileged schools to give 

lectures and an open lab experience to teach students from grades 5-12 

about the brain, the neural correlates of addiction, and the importance of 

basic science research. 

 AC H.E.A.T.- Works to educate students on ethical practices of Human, 

Environmental, and Animal Treatment on the Austin College campus. 

 Austin College Pre-Med Society- Student support network for students 

studying the health sciences.   

 

 


