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ABSTRACT OF THE DISSERTATION 

 

Systemic Regulation of Cellular Stress Responses to Proteotoxicity by 
Neuroendocrine Signaling 

 

by 

 

Kristen Marie Berendzen 

 

Doctor of Philosophy in Neurosciences 

 

University of California, San Diego, 2013  

 

Professor Andrew Dillin, Chair 

 

The proper regulation and function of cellular stress resistance 

pathways are essential to the maintenance of the proteome.  Impairment of 

these pathways leads to the accumulation of aggregates and misfolded 

proteins, resulting in age-associated neurodegenerative diseases. Subsequent 

age-onset proteotoxic damage often is accompanied by widespread changes 

in peripheral metabolism.  Endocrine-based communication of cellular stress 

may play a causative role in the extensive metabolic changes seen in 

neurodegenerative disease.  Using C. elegans models of proteotoxic stress, 
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the impact of neuronal specific toxicity on peripheral cellular stress responses 

was assessed.  Proposed is a neuroendocrine system of regulation on the 

distal response of the mitochondrial unfolded protein response (UPRmt).  

Genetic loss in UPRmt function blocks the response in distal mitochondria, and 

both neurosecretion and the nutrient-responsive neurotransmitter serotonin 

are required for the signal’s propagation. This model of systemic stress 

regulation is used to evaluate the impact of other metabolic pathways in 

proteotoxicity and to identify novel signaling components that may play a role 

in the widespread pathology associated with neurodegenerative disease. 

 



   

1 

 

 

 

 

 

 

 

Chapter 1 

An introduction to systemic stress response signaling 
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Introduction 

Protein folding and disease 

Each cell exists within the context of a dynamic and inconstant 

environment, responding and adapting to functional requirements within and to 

cues and signals from the surrounding milieu.  In response to the continual 

onslaught of environmental changes and potential stressors such as 

temperature, nutrient supply, infection, as well as the internal stressors of 

growth, differentiation, and division, the cell must maintain its proteome.  To 

aid in proper synthesis and folding of the various proteins required to carry out 

basic cellular functions, the cellular response mechanisms converge on a 

network of tightly regulated stress response pathways.  These response 

pathways, comprised mainly of specialized molecular chaperones, are a highly 

conserved, ancient system for the protection of the proteome (Akerfelt et al., 

2010; Kourtis and Tavernarakis, 2011).  Maintaining the proteome is a 

fundamental requirement for the function of living systems, for when the 

mechanisms in place to protect it begin to fail, the occurrence of debilitating 

disease and eventual cell death ensues.  

The proteins within the cell must fold properly in order to carry out their 

appropriate functions.  Additionally, they must maintain their native 

confirmations and be properly assembled, processed, and transported. The 

cell contains multiple avenues for dealing with misfolded proteins including a 

chaperone network, the ER and mitochondrial unfolded protein responses, 
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and proteasomal degradation.  While these same cellular processes have 

been assumed to function cell autonomously, an increasing number of studies 

are beginning to show the important effects of extrinsic signals on cellular 

function (Durieux et al., 2011; Prahlad and Morimoto, 2011; Prahlad et al., 

2008). These studies highlight the importance of considering cellular function 

and dysfunction within the context of the rest of the organism.  Metabolism is 

tightly regulated by neuroendocrine and secreted factors in order to coordinate 

metabolic function with nutrient supply and nutrient state.  Given the 

fundamental importance of cellular stress responses and their role in 

mediating cellular protection to outside stressors, it follows that the stress 

response pathways might be regulated in a similar endocrine fashion and 

coordinated throughout the organism.  

There is evidence that cellular protein homeostasis is strongly 

influenced by age and that with age the cell is less able to handle the load of 

aggregative and misfolded proteins (Cohen et al., 2006; Morley et al., 2002). 

Studies in C. elegans have revealed an early collapse of proteostasis, 

widespread failure in protein folding that occurs in early adulthood and 

coincides with reduced activation of many of the stress response and repair 

pathways (Ben-Zvi et al., 2009; Gidalevitz et al., 2006). The nervous system 

seems particularly vulnerable to such perturbations of the cellular folding 

environment, resulting in diseases like Alzheimer’s, Huntington’s, Parkinson’s, 

Amyotrophic Lateral Sclerosis (ALS). As the human population ages we see 
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an increasing prevalence of diseases linked to impaired protein folding.  

Described below are the cellular mechanisms in place to protect from 

impairments in proteostasis, a discussion of the degenerative diseases that 

result from such impairments, and the overarching contribution of 

neuroendocrine and systemic signaling to the regulation of protein quality 

control. 

 

Cellular stress response pathways 

Three major stress response pathways 

Stress responses and the molecular components that comprise these 

pathways are highly conserved from archaebacteria to mammals.  

Environmental stress, chemical stress, or pathophysiological states, all of 

which ultimately result in disruption of protein homeostasis and require protein 

folding quality control, cause changes in the expression of these molecular 

components (Morimoto et al., 1997).  The molecular mediators of the cellular 

stress response are the molecular chaperones, referred to as heat-shock 

proteins and classified by gene families according to their molecular mass.  

These chaperones are ubiquitously expressed in all subcellular compartments 

and are essential for maintenance of the proteome under stressed and 

unstressed conditions (Lindquist and Craig, 1988).  These stress responsive 

chaperone systems were first described and characterized in Escherichia coli 

and Saccharomyces cerevisiae from biochemical studies of assisted protein 
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folding by purified chaperones.  Although the information for a protein’s 

ultimate three-dimensional shape is dictated by the primary amino acid 

sequence (Anfinsen, 1973), this is insufficient to result in proper folding in vitro 

in the absence of added chaperones.  During protein biogenesis, nascent 

polypeptides produced from the ribosome contain exposed hydrophobic 

residues, which become buried within the folded protein.  Chaperones 

recognize these hydrophobic stretches, indicative of improper folding and a 

potential for aggregation.  

Organisms have developed organelle specific stress responses to 

monitor folding in the various sub-compartments of the cell.  The cytoplasmic 

heat shock response consists of the well characterized chaperone families 

including αβ-crystallins, heat shock protein 27 (HSP27), HSP40, HSP70, and 

HSP90 as well as class I and class II chaperonins.  These various proteins 

may act alone or as part of larger macromolecular heterocomplexes, thus 

capable of forming sub-networks within the larger array of stress responses 

(Hartl, 2002).  These various cytoplasmic proteins are regulated by the 

transcription factor HSF1, which responds to numerous proteotoxic insults, 

including high temperatures, oxidative stress, heavy metals, or infection, to 

bind heat response elements in the genome and upregulate networks of 

genes, including Hsp70, Hsp90 and proteasome subunits, to respond to and 

repair the cell from stress (Shi et al., 1998). 
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 Protein folding is also highly regulated in the endoplasmic reticulum 

(ER) and the surveillance mechanisms in place are collectively referred to as 

the unfolded protein response (UPRER).  The components comprising this 

response, like the cytoplasmic response, have been well characterized in 

yeast and metazoans.  Activation of the UPRER is generally initiated by an 

imbalance in the load of unfolded proteins inside the ER and the ability of the 

cellular machinery to cope with this load.  Such an imbalance will initiate the 

three main arms of the UPR, resulting in either attempts to ameliorate the 

imbalance or setting in motion cell death pathways when balance cannot be 

restored.  These three branches of the UPRER are the inositol-requiring protein 

(IRE1), activating transcription factor-6 (ATF6) or protein kinase RNA-like ER 

kinase (PERK) (Bernales et al., 2006; Ron and Walter, 2007). IRE-1 is the 

main core of the pathway and is activated by a conserved mechanism in which 

the only substrate for IRE-1, XBP1 (X-box binding protein-1) is spliced, which 

encodes an activator of UPR target genes.  Given the role of the ER in folding 

most secreted and transmembrane proteins, a highly regulated multi-step 

pathway for dynamic homeostatic control in response to the needs of cell 

differentiation, environmental conditions and physiological state is required. 

 The mitochondria also contains its own protein folding quality control 

system, a relatively recently described pathway dubbed the mitochondrial 

unfolded protein response (UPRMT).  The regulation and response of this 

pathway are major aspects of this thesis work.  The mitochondrial organelles 
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are essential for cellular functions as diverse as ATP/energy production, Ca2+ 

homeostasis, iron-sulfur cluster biogenesis, nucleotide and amino acid 

metabolism, and apoptosis.  These varied functions require a highly regulated 

quality control system for maintaining the mitochondrial proteome or properly 

degrading those proteins that become damaged.   Matrix localized nuclear-

encoded chaperones which aid in folding and import include the mitochondrial 

Hsp70 (mtHsp70) as well as Hsp60 and Hsp10 (orthologous to GroEL and 

GroES).  Initial experiments from the Hoogenraad lab identified an adaptive 

response similar to the HSR and UPRER described above in which disturbing 

the stoichiometry of mitochondrial and nuclear encoded proteins increased 

expression of Hsp60 and the mitochondrial protease ClpP in mammalian 

culture (Martinus et al., 1996; Zhao et al., 2002).  They also identified CHOP 

(CCAAT/-enhancer-binding protein homologous protein) as a key transcription 

factor regulating the induction of the Hsp60 chaperone.  The Ron lab then 

used C. elegans to screen for novel components of the mtUPR pathway by 

generating transcriptional reporters for hsp-6 (mtHSP70) and hsp60 (HSP60) 

(Yoneda et al., 2004).  This screen identified a host of mitochondrial and 

nuclear localized proteins forming a likely pathway for mitochondrial protein 

quality control.  These components included the clpp-1 protease, which 

detects the accumulation of misfolded proteins in the mitochondria.  The haf-1 

ABC transporter localized to the inner-mitochondrial membrane was also 

found to contribute to UPRmt signaling (Haynes et al., 2010).  As the signal 
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traverse the cytosol it requires the transcription factors ATFS-1 (ZC376.7) and 

DVE-1, a conserved DNA binding protein homologous to mammalian SATB1 

and SATB2, as well as upregulation and binding of UBL-5, a ubiquitin-like 

protein to DVE-1 in the nucleus (Benedetti et al., 2006; Haynes et al., 2010; 

2007; Yoneda et al., 2004).  Knockdown or deletion of these components 

sensitizes the organism to mitochondrial stress, alters mitochondrial 

morphology, slows development and shortens lifespan, consistent with an 

integral role in mitochondrial protein folding. 

 The UPRmt seems to show most profound activity, by reporter 

expression, during the L3 to L4 stage of larval development in C. elegans.  

This stage corresponds to a time point during which there is massive 

proliferation of mitochondrial DNA within the animal (Tsang and Lemire, 2002).  

When the folding environment is perturbed by pharmacologic or genetic 

mechanisms, such as ethidium bromide, paraquat administration (inducing 

high levels of ROS), or knockdown of components of hetero-oligomeric 

complexes particularly those of the electron transport chain, sustained 

activation of the UPRmt is seen.  These changes to the folding environment 

result from a stoichiometric imbalance in nuclear and mitochondrial proteins.  

Recently, it was reported that an imbalance at the level of nuclear to 

mitochondrial translation rates, specifically by administration of doxycycline, 

could also activate the UPRmt and coincidently, extend lifespan of C. elegans 

(Houtkooper et al., 2013).  An earlier study had also shown that increased 
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reliance on translation of nuclear encoded respiratory chain components 

upregulates multiple cellular chaperones, not only those specific to the 

mitochondria (Kuzmin, 2004).   Finally, accumulation of misfolded proteins by 

directly targeting an aggregation prone protein to the matrix can also activate 

the response (Zhao et al., 2002).   

The upstream transcriptional regulator of the cellular heat shock 

response, HSF1, as well as a functional UPRER are essential for life and 

development even under unstressed conditions (Xiao et al., 1999; Zhang et 

al., 2005a), however forced overexpression can also be deleterious, 

suggesting the need for fine balance of these responses (Feder et al., 1992).  

While these responses have traditionally been thought to respond specifically 

to misfolding within their respective cellular subcompartments, it is certainly 

possible that communication exists between the various organelles.  The 

presence of aggregative proteins affects multiple components and functions of 

the cell and it is plausible that the cell would employ an integrated response to 

such insults.  For example, an initiator of the UPRmt in mammalian systems is 

actually a downstream transcription factor of the UPRER activated under 

prolonged stress, CHOP, indicating crosstalk between the two pathways (Zhao 

et al., 2002).  Additionally, under chronic periods of ER stress, the ER signals 

to the mitochondria to initiate cell death pathways (Ron and Walter, 2007).  

However, the signals that might communicate the presence of stress between 

compartments of the cell have not been identified.  Just as there is evidence 
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for integration of the organellar stress responses within a cell, the coordination 

of these responses across cell types is an interesting and plausible regulatory 

mechanism. 

 

Cell non-autonomous regulation  

Numerous metabolic pathways, endocrine signals, or secreted factors 

not only mediate signaling by direct synaptic contact, but also play a role in the 

communication between different tissues within the organism. Isolated subsets 

of neurons function to signal to other tissues, regulating their response to 

external cues. For example, gustatory or olfactory neurons can affect lifespan 

through the Insulin/IGF-1 signaling (IIS) pathway (Alcedo and Kenyon, 2004), 

while the ASI chemosensory neurons have been shown to mediate the effects 

of the transcription factor skn-1 on diet restriction (Bishop and Guarente, 

2007).  The insulin signaling pathway appears to have profound effects on 

protein misfolding and aggregation as both a C. elegans and mouse model for 

Alzheimer’s showed marked improvement when insulin signaling was reduced, 

either through reduction of daf-2 or of the IGF receptor specifically in the brain 

(Cohen et al., 2006; 2009). kri-1, a novel regulator of germ cell apoptosis, 

integrates signals from reproductive tissues (germ cells) resulting in longevity 

effects in nonreproductive (somatic) tissues (Berman and Kenyon, 2006). The 

major lifespan affecting metabolic pathways mentioned above, insulin 

signaling, diet restriction, germline signaling, all require endocrine regulation.   
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The downstream signaling pathways responsible for the ultimate 

physiological outcome, lifespan extension and stress resistance, may 

converge on a common set of transcriptional mediators. The molecular 

interactions between these pathways are mediated in part by factors that 

detect and respond to misfolded proteins: molecular chaperones, HSF-1, DAF-

16/FOXO and other transcription factors.  C. elegans mutants long-lived due to 

mutations in the IlS also show thermotolerance and stress resistance, which is 

abolished with inactivation of daf-16, hsf-1 or hsp-1 (Hsu, 2003; Morley and 

Morimoto, 2004).  HSF-1, which coordinates the cellular heat shock response, 

has been shown to be essential for IIS pathway induced lifespan extension by 

DAF-16 (Hsu, 2003; Morley and Morimoto, 2004).  Despite this observation, 

the exact signaling mechanism by which DAF-2 regulates HSF-1 is still 

unclear.  We do know that in C.elegans the AFD thermosensory neurons are 

responsible for regulating the cellular response to heat shock (Prahlad et al., 

2008).  When these neurons are ablated, chaperone levels in the entire 

organism are dysregulated (Prahlad et al., 2008).  Additionally, release of 

acetylcholine or gamma-aminobutyric acid (GABA) from motor neurons affects 

aggregation of polyglutamine repeats in postsynaptic muscle cells (Garcia et 

al., 2007). Evidence for neuroendocrine regulation of peripheral heat shock 

responses in mammals comes from the finding that the hypothalamic-pituitary-

adrenal axis regulates adrenal HSF-1 levels.  Restrained, and thus stressed, 

animals with higher levels of cortisol secreted by the pituitary showed 
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increased trimerized HSF-1 with DNA binding activity and increased HSP70 

levels in the adrenal glands (Fawcett et al., 1994). 

Recent evidence for cell non-autonomous regulation of the UPRER also 

comes from studies in C. elegans. Our lab has shown that constitutive 

activation of the XBP-1 transcription factor solely within the neurons was able 

to induce a BiP/hsp-4 transcriptional reporter, a marker of UPR activation, not 

only within the neurons, but in the intestine as well (Taylor and Dillin, 2013).  

This activation was dependent upon synaptic neurosecretion indicating a 

neuronal signaling pathway that is propagated to distal tissues.  This activation 

was responsible for resistance to ER specific stress.  Neuroendocrine 

signaling through the IIS pathway has been implicated in regulation of the 

UPRER, as with the cytosolic heat shock response.  This is again through a 

daf-16/FOXO signal in a model by which DAF-16 collaborates with XBP-1 to 

activate a novel set of genes that promote longevity (Henis-Korenblit et al., 

2010).  In mammals, the extrinsic regulation of the UPRER has been implicated 

in cancer and immune function as well.  The injection of ER stress-conditioned 

medium from tumor cell lines into WT mice elicited a generalized ER stress 

response in the liver. Thus, communication of ER stress to inflammatory cell 

types by tumor cells is a mechanism by which cancer cells accelerate tumor 

progression (Mahadevan et al., 2011). 

Our lab has also shown that low levels of neuronal stress in C. elegans 

can be sensed and responded to by the whole organism.  Neuron specific 
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knockdown of mitochondrial electron transport chain (ETC) components leads 

to lifespan extension in part mediated by upregulation of mitochondrial stress 

responses in non-neuronal tissues (Durieux et al., 2011).  Knockdown of a 

subunit of complex IV of the respiratory chain specifically within the neuron 

was able to transduce the same degree of lifespan extension as that seen with 

knockdown in the entire organism.  Additionally, knockdown of respiratory 

chain subunits specifically in the nervous system upregulated transcription of 

mitochondrial chaperones in the intestine.  This induction was specific to the 

ETC longevity pathway as RNAi towards daf-2 and eat-2, models of insulin 

and diet restriction induced longevity respectively, was not able to induce the 

response.  Additionally, signaling from the muscle to peripheral tissues in 

response to mitochondrial dysfunction induced by autophagy is mediated by 

FGF-21 signaling in mice (Kim et al., 2013). This signaling resulted in 

resistance to obesity and improved insulin sensitivity, but has not yet been 

shown to be dependent on mitochondrial quality control machinery in the non-

muscle tissues.  Interestingly, FGF-21 has been suggested as a novel 

biomarker for the severity of mitochondrial dysfunction in patients with 

primarily muscle related mitochondrial disease (Suomalainen et al., 2011). 

 The above studies suggest that extrinsic signaling may play a large role 

in mediating cellular stress responses. The fact that as few as a pair of 

neurons in C. elegans can have a dramatic effect on organism wide 

physiology, mediating changes in lifespan and stress resistance by altering 
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chaperone levels in peripheral tissues, provides support for the nervous 

system playing a defining role in regulating response.  Numerous molecules 

are available as neural signaling candidates.  The traditional neurotransmitters 

as well as neuromodulators and neurohormones all may play a role in 

signaling to distal tissues.  Additionally, C. elegans produces 250 putative 

neuropeptides, which include the FRMFamide-like (FLP), neuropeptide-like 

(nlp), and insulin-like peptides. The nervous system seems particularly primed 

to play a role in secreted activating or repressive signals that moderate the 

responsiveness of peripheral stress responses.   

 

Neurodegeneration and cellular stress  

Stress response pathways in disease 

 Why is the nervous system so vulnerable to diseases of protein 

aggregation and do processes such as synaptic activity or energy metabolism 

influence the functioning of cellular protein handling?   The nervous system 

relies on a constantly changing, dynamic cellular circuitry that is continuously 

being remodeled.  This places a heavy burden on the cellular protein handling 

machinery that may be further stressed by age and accumulation of damaged 

proteins. The heavy requirements of brain metabolism might place stress on 

the neuron, altering cellular protein homeostasis and perhaps differentially 

affect protein folding in different brain areas. Diseases such as Alzheimer’s 

have been increasingly linked to altered metabolism in humans, such as 
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occurs in diabetes (Custer et al., 2006; Ilieva et al., 2009). While many of the 

effects on cellular stress responses and metabolic defects are common to 

numerous neurodegenerative diseases, the following discussion focus on the 

effects of Huntington’s disease as studied by polyglutamine models on these 

cellular and organismal processes. 

The observation that overexpression of many of these chaperones 

shows protection in models of these diseases provides further evidence for the 

involvement of molecular chaperones in mediating cell stress and protein 

quality control. Much of the work done to examine the role of stress responses 

in neurodegeneration has been done in invertebrate models.  In C. elegans, 

overexpression of HSF-1, HSP70 or HSP16.2 has been shown to produce 

lifespan extension (Hsu, 2003; Morley and Morimoto, 2004; Walker and 

Lithgow, 2003).  Down-regulation of hsf-1 confers susceptibility to numerous 

models of protein aggregation including polyglutamine toxicity and Aβ 

aggregation in a model of Alzheimer’s (Hsu, 2003) (Cohen et al., 2006).  

Increasing levels of both Hsp70 and Hsp40 in either Drosophila or mouse 

models of polyglutamine disease showed a relief of toxicity from accumulating 

aggregative proteins (Chan and Bonini, 2000; Sakahira, 2002). 

Despite the accumulation of damaged proteins and the obvious 

protective effects of enhanced chaperone activity in these disease models, the 

stress response is not noticeably induced in the affected cells (Hay et al., 

2004; Zourlidou et al., 2007).  In studies that have examined protein quality 
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control in early or presymptomatic patients with Alzheimer’s and Parkinson’s 

disease, activation of the UPRER was seen in the first stages of accumulation 

and aggregation of the toxic protein in postmortem brain tissue (Hoozemans et 

al., 2012).  However, evidence for activation of stress responses is absent in 

symptomatic stages of these diseases. There is potentially a lack of 

responsiveness or dysregulation of the pathways that is either a consequence 

of advancing age or increasing toxicity from the disease protein (Sakahira, 

2002). The inability to mount an adequate response to misfolded proteins may 

be a feature of aging cells and neurons in general (Neef et al., 2011).   

As with the cellular stress response pathways, the proteinopathies 

resulting from perturbed protein handling have long been considered cell 

autonomous in their mechanism of action and pathologic effects.  Additionally, 

the data for the involvement of the HSR or UPRER is dependent on disease 

model and often doesn’t show the upregulation one would expect for massive 

proteotoxicity and accumulation of aggregative proteins (Hay et al., 2004).  

However, recent data suggests cell non-autonomous effects in multiple 

neurodegenerative diseases such as ALS, Parkinson’s, and Huntington’s (Hult 

et al., 2011; Ilieva et al., 2009; Jenkins et al., 1993). Many of these effects 

have focused on the impact of glial toxicity on the progression of the disease 

or the influence of inflammatory signaling on pathology. Particularly in 

Huntington’s, which will be the primary focus of this dissertation, the 

surrounding glial cells play a role in mediating the pathology seen and it is 
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apparent that the disease effects are more far-reaching than the striatal 

neurons thought to be primarily affected (Shin et al., 2005).  There is now 

evidence that more cell types and brain regions are affected, particularly 

cortical pyramidal neurons, revealing dysfunction that spreads across brain 

regions such that by advanced stages of the disease one third of overall brain 

mass is lost (Zoghbi and Orr, 2000).  

Mitochondria and metabolism in neurodegeneration 

In many age-onset neurodegenerative diseases such as Alzheimer’s, 

Huntington’s and Parkinson’s, the misfolding and aggregation of proteins has 

been increasingly linked to altered metabolism (Eidelberg, 2009; Jenkins et al., 

1993).  Within the cell, the presence of disease-associated proteins disrupts 

the normal cellular protein handling and stress response mechanisms that 

exist to deal with misfolded proteins, often impacting on metabolic and 

organellar function as well.   In most cases, the disease causing proteins are 

expressed in many or all tissues, exhibiting cell autonomous effects.  The 

changes in brain metabolism may be due to the fact that neurons command a 

large percentage of the energetic demand of the human body.  While the brain 

takes up only 2% of the total volume of the body, it requires 20% of the blood 

flow to supply its energy and nutrient needs.  The large size of neurons and 

the requirement for efficient energy usage implies that within the neuron, 

energy production must be tightly spatially regulated. The intracellular supply 

of energy, generally in the form of adenosine triphosphate (ATP), is provided 
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by mitochondria within the cell. These organelles are actively transported to 

both pre and postsynaptic sites of energetic need, and disruption in the ability 

of mitochondria to reach their destinations and defective function once they 

arrive has been implicated in numerous degenerative diseases (Chang et al., 

2006; Hollenbeck and Saxton, 2005). 

Mitochondrial dynamics have been shown to play a role not only in 

normal brain functioning, but in pathological states as well.  Mitochondrial 

disruption in the various degenerative diseases, such as Alzheimer’s, 

Parkinson’s and Huntington’s, and ALS, ranges from increased oxidative 

stress, morphology and transport defects, to even the causative mutations 

occurring in nuclear encoded mitochondrial proteins (Mattson et al., 2008).  

Huntington’s disease, for example, displays an extensive mitochondrial 

dysfunction with the site of toxicity being not only at the mitochondria, but also 

at the level of transcription within the nucleus.  Accumulation of mutant 

huntingtin results in defects in mitochondrial biogenesis due to deregulation of 

striatal PGC-1α (Cui et al., 2006; Damian et al., 2012), mitochondrial transport, 

respiratory chain activity, and perturbed Ca2+ homeostasis (Panov et al., 

2002).  These severe effects have been shown within the striatal cells, which 

show the greatest amount of damage with aggregation of mutant huntingtin, 

but mitochondrial and metabolic defects are seen through out the brain.  

Reduced glucose consumption, elevated lactate levels and reduced ATP 

synthesis is seen in the basal ganglia and cortex (Jenkins et al., 1993).   
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 The energy deficits and mitochondrial phenotypes seen in Huntington’s 

models are not limited to the brain.  The peripheral metabolism is equally as 

affected in these patients.  Findings in cell lines from lymphoblastoid cells and 

skeletal muscle from patients show similar defects in ATP production as are 

seen in the brain (Seong et al., 2005).  This is commonly attributed to the 

ubiquitous expression of mutant Htt throughout the body and autonomous 

effects on peripheral mitochondria.  However, the metabolic effects seen in 

these patients are often more global, affecting the metabolism of the whole 

organism.  Because of the widespread signaling and regulatory roles the 

nervous system plays, dysfunction in the neurons may be communicated to 

other tissues and cell types.  Huntington’s disease is also accompanied by 

progressive weight loss, impairment in fat and glucose homeostasis and a 

higher prevalence of diabetes mellitus, the causes of which are unknown 

(Djoussé et al., 2002; Jenkins et al., 1993; Walker and Raymond, 2004; Weydt 

et al., 2006). They often show a presymptomatic systemic hypermetabolic 

state, and hypothalamic dysfunction has been implicated in the reduced 

energy balance in progressed Huntington’s (Björkqvist et al., 2007).  The 

impact on the hypothalamus provides a suggestion of neuroendocrine effects 

in neurodegenerative disease. The dysregulation of metabolic and stress 

responses in Huntington’s and other neurodegenerative diseases may extend 

beyond the affected cell to impact neighboring cells and potentially the larger 

organism.   
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Previous studies looking at extrinsic effects of polyglutamine on cellular 

toxicity have focused on communication between the neurons and glia (Ilieva 

et al., 2009).  Most analysis of pathology has focused solely on the very 

extensive dysfunction seen in the nervous system.  Determining the cell non-

autonomous effects of proteotoxicity not only in the nervous system, but 

throughout the organism will be useful in understanding the multi-system age-

related changes that occur in patients with Huntington’s and other 

neurodegenerative diseases. Numerous diseases of protein folding reveal 

expression in various tissues throughout the organism, and the mammalian 

models of Huntington’s disease have been designed to reflect this 

(Sathasivam et al., 1999; Squitieri et al., 2010).  However, a careful 

consideration of the impact of aggregative proteins within the cell versus 

perturbed endocrine and neuronal signaling has not been done. Parsing out 

the contributions of neuronal signaling versus peripheral expression on the 

distal metabolic phenotypes and subsequent pathology is difficult in the 

current mammalian models.  For tissue, and particularly neuronal specific, 

expression of these disease proteins it is often useful to consider them in a 

more simplified system, such as C. elegans, with limited numbers of cells and 

tissue structures.  Within these systems the specific contributions of signaling 

pathways can be examined and illustrated. 

 

Studying stress response regulation in C. elegans 
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C. elegans models of proteotoxicity 

 Numerous models for human neurodegenerative disease have been 

described in C. elegans, including models of Alzheimer’s, Huntington’s, 

Parkinson’s, and ALS, where animals express Abeta, polyglutamine, alpha-

synuclein, or SOD1 respectively.  The nervous system of C. elegans contains 

302 neurons, which show surprisingly similar characteristics in the functional 

classes they are broken into as well as the conservation of neurotransmitters 

and signaling mechanisms. Interestingly, studies have not confined the 

expression of disease causing proteins to the neurons, or those tissues 

thought to be responsible for inducing pathology in the human diseases.  On 

the contrary, muscle as well as intestinal models have been generated 

allowing for studies of folding capacity between tissues as well as describing 

basic cellular mechanisms of dealing with aggregative proteins (Link, 2006).  

These models have been used to perform large-scale genetics screens to 

identify modulators of protein misfolding.  Such screens have often identified 

novel gene regulators that are conserved in mammals, which speaks to the 

conservation of many essential human genes in C. elegans.   

 The rationale for developing C. elegans models of human 

neurodegenerative diseases is to utilize the large number of experimental 

resources available to worm studies that are not possible in mammalian 

models.  These include powerful classic forward genetic screens to identify 

novel modulators of proteotoxicity, genes that either enhance or suppress the 
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phenotypes associated with expression of a disease protein.  However, the 

utility of these models requires conservation of certain elements of the 

mammalian models for disease.  These include the fact that C. elegans shows 

homology to ~40% of the human genome and many of the cellular and 

molecular pathways that act in C. elegans are conserved (C. elegans 

Sequencing Consortium, 1998).  Therefore, studying protein folding and 

aggregation, and subsequent toxicity on a cellular level is reasonable.  

Additionally, the phenotypes associated with disease protein expression in 

mammalian systems should be recapitulated in the worm models.  For 

example, in the human disease resulting from polyglutamine expansions, such 

as Huntington’s, increasing severity of the disease and accumulation of 

aggregates corresponds with increasing lengths of polyglutamine and a 

progressive worsening with age (La Spada et al., 1991; Zoghbi and Orr, 2000).  

The models for polyglutamine disease in C. elegans show these same 

characteristics.   

While these models are therefore useful, it is important also to consider 

their limitations.  Worms do not have a circulatory system, an adaptive 

immune system, or myelinated neurons, all of which have been shown at 

some level to contribute to the pathology of numerous disease states (Prolla 

and Mattson, 2001).  On a cellular level these models are useful as well as to 

use the aggregative protein more as a tool to study protein misfolding than an 

exact replicate of human disease, which is an important caution to consider 



23 

 

with any model of disease invertebrate or other.  Despite these considerations, 

neurodegenerative models in C. elegans provide a useful technique for 

studying the basic molecular and cellular mechanisms that mediate toxicity 

with these proteins.  The polyglutamine strains in particular are useful given 

the correlates of the disease model and the ability to look at various levels of 

toxicity with the varying lengths of polyglutamine (Brignull et al., 2006; Morley 

et al., 2002).   

 

Cellular stress pathways in C. elegans 

 Stress response biology and particularly recent studies implicating 

neuroendocrine regulation of chaperone networks have been heavily studied 

in C. elegans.  This has provided a host of tools to look at transcriptional 

activation of the pathways, tissue specific responses as well as mechanisms 

for constitutive activation in different tissues. Studying stress responses in C. 

elegans provides the unique advantage of being able to monitor temporal and 

spatial regulation of genes in a living multicellular organism throughout the 

stages of its life using fluorescent transcriptional and translational reporters.  

These types of reporters have been made for the various cellular stress 

response systems described above (Morley and Morimoto, 2004; Yoneda et 

al., 2004).  The genes for the various stress responses are highly conserved 

between C. elegans and mammals and the autonomous mechanisms of 

regulation and components of the signaling pathways have been well 
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described in the worm (Fontana et al., 2010).  Transcriptional reporters for the 

HSR, UPRER and UPRmt have been characterized and are able to response 

quickly and robustly to perturbations of their particular cellular compartment.  

While there may be cross-talk between the pathways, they respond relatively 

specifically to toxicity within the relevant subcellular compartment (Prahlad and 

Morimoto, 2009; Yoneda et al., 2004). 

Studies in C. elegans have supported the idea of cell non-autonomous 

regulation of stress responses and lifespan by the nervous system.  C. 

elegans exhibits learning behaviors, responds to environmental stimuli, has 

evolved a simple neuronal circuitry, and exhibits a diverse number of signaling 

molecules and neurotransmitters making it a useful and genetically tractable 

model to study the communication of neuronal stress responses.  

 

Summary 

Given the widespread peripheral changes seen in neurodegenerative 

diseases and the evidence for systemic regulation of the adaptive pathways 

for responding to proteotoxicity, we hypothesized that perturbation of protein 

homeostasis by overexpression of an aggregative protein could induce stress 

responses in other tissues.  The effect of disturbing proteostasis in the 

neurons by the presence of a generalized misfolding stress on peripheral 

responses is unknown.  Directly activating or impairing the various stress 

responses in the neurons of C. elegans has been shown to signal cell non-
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autonomously, but the endocrine signaling components for most of these 

responses remain unclear.  Furthermore, determining the components of the 

neuroendocrine axis for stress signaling will be discussed in this dissertation.   

These hypotheses will be tested in C. elegans models of neurodegeneration, 

which provide an opportunity to directly perturb an individual tissue or even an 

individual neuronal cell or circuit and identify stress responses throughout the 

organism.  These non-autonomous mechanisms may play a role in 

understanding the degenerative diseases of the nervous system that show 

impairment of stress pathways and peripheral dysfunction.
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CHAPTER 2: 

 

Serotonin-dependent regulation of the cell non-autonomous 

response of mitochondria to proteotoxic stress 
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Introduction 

Within the cell, the presence of disease-associated proteins can disrupt 

the normal mechanisms for protein handling and either activate or dampen 

internal subcellular stress response mechanisms designed to protect from 

proteotoxic damage.  While the stress response pathways that exist in the cell 

have long been thought to react cell autonomously, recent evidence suggests 

that these responses are also finely tuned to respond to extrinsic cues prior to 

transmitting signals to distal parts of the organism (Durieux et al., 2011; Garcia 

et al., 2007; Prahlad and Morimoto, 2009).  For example, the activities of 

single pairs of neurons have been implicated in the control of longevity and 

thermal stress in C. elegans and are required for organism-wide upregulation 

of the heat shock response during stress (Prahlad et al., 2008).  Activation of 

the XBP-1 arm of the endoplasmic reticulum’s unfolded protein response 

(UPRer) in the neurons is sufficient to upregulate UPRER signaling in distal 

tissues, extending the life span and stress resistance throughout the organism 

(Sun et al., 2012)(Taylor and Dillin, 2013). A capacity for mitochondria to 

communicate intracellular stress between tissues was also recently reported: 

in C. elegans, an induction of the mitochondrial unfolded protein response 

(UPRmt) in the neurons can be sensed and reacted to by mitochondria within 

physically distinct, non-innervated tissues (Durieux et al., 2011).  Thus, the 

recognition and dissemination of stress responses extend beyond the affected 

cell to impact neighboring cells and potentially the organism as a whole.  
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Most of these interventions have focused on the genetic manipulation of 

a specific cellular stress response pathway in a specific tissue in order to 

examine the effects of these perturbations in distal tissues.  Importantly, the 

consequences of almost all age-onset neurodegenerative diseases – diseases 

that either upregulate or attenuate the function of cellular stress response 

pathways -- are also rarely confined to their cells of origin. Neurodegenerative 

diseases instead will have an additional, causative role in the onset of 

secondary dysfunctions seen in the function of peripheral tissues. As these 

neurodegenerative diseases are predicted to cause the upregulation of cellular 

stress response pathways in their tissue of origin, this observation suggests 

that, by mimicking the effect of a neurodegenerative disease on neuronal 

function, an artificial proteotoxic stress applied to one tissue might result in an 

endocrine-like signaling to distal tissues that is mediated by one of the 

established stress responsive signaling pathways.  

In consideration of this possibility, it is first important to identify the most 

common secondary phenotypes on peripheral tissues seen in 

neurodegenerative disease – phenotypes that are varied and that can be 

severe. In Huntington’s disease (HD), for example, patients often exhibit a 

large number of metabolic phenotypes including an nearly seven-fold risk of 

developing diabetes, impaired insulin secretion, increased basal resting 

energy expenditure, reduced glucose metabolism, elevated lactate 

concentrations, and progressive weight loss regardless of caloric consumption 
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(Jenkins et al., 1993; Walker and Raymond, 2004; Weydt et al., 2006). More 

specifically, mitochondrial dysfunction has been associated with a causative 

role in the onset of HD.  Defects in complex II, complex III, and complex IV 

activity all have been reported in patients, with complex III inhibitors produce 

striatal lesions symptomatic of HD pathology . The mitochondria from HD 

patients have also been shown to have lower membrane potential (Oliveira, 

2010). In cell culture, long polyQ repeat huntingtin proteins are specifically 

found bound to the outer membrane of mitochondria, where they are 

hypothesized to affect membrane permeability and lower the threshold of 

calcium required to reach the membrane permeability transition state (Panov 

et al., 2002).  

These findings suggest that the endocrine-based communication of 

mitochondrial stress might be a causative factor in the wide-spread metabolic 

changes seen in such proteotoxic diseases. We have thus predicted that a 

neuronal-specific proteotoxic challenge might result in the cell non-

autonomous communication of stress through mitochondria.  

To explore this possibility, we examined a number of models for 

proteotoxic stress in C. elegans neurons for evidence of secondary effects on 

distal stress responses.  In our analyses, we found that expression of a 

polyglutamine tract of a specific length (Q40) targeted to the cytoplasm of the 

neuron is sufficient to elicit a mitochondrial stress response in both the 

neurons and in distal tissues. This effect was specific to the severity and type 
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of proteotoxic stress and was not universal across neuronal proteotoxic 

models.  Upregulation of the UPRmt pathway in intestinal tissues requires the 

function of UPRmt components as well as functional dense core vesicle 

secretion. The application of exogenous serotonin, but not other biogenic 

amines, was sufficient to rescue the defect in neuronal secretion and restore 

distal UPRmt signaling. Importantly, loss of serotonin synthesis was also 

sufficient to block cell non-autonomous UPRmt signaling to distal tissues. 

These findings provide evidence of how neuroendocrine mechanisms play a 

role in not only the sensing of proteotoxic stress, but also have the capacity to 

alter mitochondrial and potentially metabolic function throughout the organism.  

 

Results 

Neuronal polyQ Induces Mitochondrial Stress Specifically 

It was hypothesized that expression of a neuronal-specific proteotoxic 

protein could elicit a cell non-autonomous upregulation of a mitochondrial 

stress response in C. elegans. To address this question, a series of neuronal-

specific proteotoxic models were examined for evidence of stress response 

activation (Haynes et al., 2007; Yoneda et al., 2004).  A pan-neuronally driven 

polyglutamine tract (Q40) fused to an YFP fluorescent tag was found to induce 

the distal expression of multiple reporters for the UPRmt. The polyQ40 

construct, which was driven by the rgef-1 (F25B3.3) promoter throughout the 

lifespan of the animal, highly induced intestinal activation of reporters for 
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mitochondrial mtHSP70, hsp-6, and mtHSP60, hsp-60, two well-characterized 

chaperone effectors of the UPRmt (Fig.2.1A and 2.1B). Whole-organism effects 

on mitochondrial chaperones were confirmed by measuring levels of the 

endogenous population of hsp-6 and hsp-60 mRNA and protein levels in the 

Q40 strain (Fig. 2.1C and Fig. 2.1D). Activation of the non-autonomous UPRmt 

was confirmed in strains expressing a neuronal-specific RFP tagged variant of 

Q40 (Fig. 2.2A). Significantly, the effect of Q40 on chaperone induction 

appeared most pronounced at D2 or D3 of adulthood and was not induced at 

larval stages (Fig. 2.2B).  This stage of adulthood coincides with the point at 

which aggregative proteins are thought to increase in toxicity and proteostasis 

is thought to decline (Ben-Zvi et al., 2009).  

 

Distal UPRmt induction is specific to neuronal polyQ40 

Numerous other neurodegenerative disease proteins, besides 

polyglutamine, have been expressed in C. elegans.  I tested whether the 

effects seen on mitochondrial chaperones were specific to a certain type of 

aggregative model.  Importantly, the effect on UPRmt was not seen in other 

disease-associated misfolded proteins tested, as neither expression of the 

Alzheimer’s related protein Aβ1-42 in the cytoplasm of neurons, nor mutant 

forms of the ALS associated protein TDP-43, induced the UPRmt (Fig 2.3A). 

These results suggested that the neuronal expression of polyQ40 initiates a 
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cell non-autonomous signal that results in the upregulation of mitochondrial 

chaperones in distal tissues.  

Strains in which Q40 was targeted for the muscle, rather than the 

neurons, were next examined for induction of the UPRmt.   The muscle strains, 

which are capable of causing proteotoxic phenotypes such as muscle 

paralysis, were incapable of eliciting a cell non-autonomous mitochondrial 

response to proteotoxic stress (Fig. 2.4A). These results suggest that the 

neurons alone are poised to communicate to other tissues their protein folding 

state, while the muscle and intestinal cells are unable to generate the signal in 

response to polyglutamine expression. It is possible that they are capable of 

signaling and affecting the UPRmt in other tissues, but require alternative 

stimuli than Q40.   

It was also observed that the cell non-autonomous response was 

specific to the length of the PolyQ tract being expressed.  PolyQ lengths below 

19 are not toxic and do not induce aggregation when expressed in worm 

neurons, whereas stretches greater than 35 provide a progressive increase in 

both toxicity and aggregation propensity with increasing polyQ length (Brignull 

et al., 2006).  Expression of longer length Q67 or the nontoxic short length 

Q19 in the neurons did not significantly induce the mitochondrial stress 

response in the intestine (Fig. 2.5A).   In the Q67 strain, however, QPCR 

indicated that endogenous levels of hsp-6 mRNA were elevated, suggesting 

that while neuronal or cell autonomous induction might occur, the Q67 
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expressing neurons are unable to initiate the cell non-autonomous response 

(Fig. 2.5B). The intestinal GFP fluorescence was quantified for each of the 

polyQ strains to indicate the relative levels of cell non-autonomous hsp-6 

induction (Fig 2.5C).  

This result was not predicted, as the Q67 strain has been reported to 

cause more severe neuronal dysfunction and behavioral phenotypes than the 

Q40 strain. These data collectively indicated that the mitochondrial stress 

response is invoked by the Q40 strain; and that the hyper-toxic Q67 strain was 

incapable of initiating the same cell non-autonomous response as the Q40 

strain, but could induce the UPRmt response.  

 

Neuronal Q40 physically interacts with mitochondria 

The specific nature of mitochondrial stress induction in the neuronal 

Q40 animals was then addressed.  Polyglutamine repeats within the 

Huntingtin (Htt) protein have been shown to affect mitochondria function and 

morphology through direct interaction with the outer membrane of the 

mitochondria (Costa and Scorrano, 2012; Panov et al., 2002).  Interestingly, 

extended polyQ lengths that normally aggregate in the cytoplasm, when 

expressed in 293T cells with a mitochondrial targeting sequence become 

soluble upon import into the mitochondria (Rousseau et al., 2004).  It was 

hypothesized that polyQ may be directly interacting with and influencing 

mitochondrial function in the neurons  



34 

 

of C. elegans and polyQ lengths unable to induce the UPRmt do not interact 

with the mitochondria. To test this hypothesis, isolated mitochondrial and 

cytoplasmic fractions were collected from wild type and strains with polyQ 

expressed in the nervous system.  We discovered that Q40 alone is found in 

both the mitochondrial and cytoplasmic fractions from strains expressing 

neuronal polyQ (Fig. 2.6A).  Furthermore, hyper-toxic and aggregating Q67 

was only modestly enriched in the mitochondrial fraction.  We confirmed the 

specificity of our fractionation using antibodies against cytoplasmic and 

mitochondrial proteins.   Our results strongly indicated that the interaction of 

Q40 with mitochondria in C. elegans is responsible for its capacity to invoke a 

cell non-autonomous mitochondrial stress response.  

 

Neuronal Q40 specifically induces the UPRmt 

To test whether polyQ specifically induces mitochondrial stress or 

results in general upregulation of stress response pathways, animals were 

examined for signs of additional chaperone upregulation in the cytoplasm. 

HSP-16.2 is the small hsp20/alpha-B crystalline family heat shock protein, 

which is strongly upregulated with heat shock or in response to misfolded 

proteins in the cytoplasm (Fonte et al., 2002).  The HSR reporter strain, hsp-

16.2p::GFP, showed no basal response to neuronal Q40 in peripheral cells 

(Fig. 2.7A). Furthermore, polyQ expression did not block the induction of the 

stress responsive pathways, specifically hsp-16.2::GFP  induction (Fig. 2.7A). 
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The Q40 strain did not result in cell non-autonomous activation of the unfolded 

protein response of the endoplasmic reticulum (UPRER) either, as measured 

by GFP levels driven by the promoter of the BiP homolog, hsp-4 (Fig. 2.7B). 

We also analyzed downstream components of the IIS pathway that are known 

to mediate stress responses to immune function, UV, oxidative stress, thermal 

stress, and protein aggregation, namely the FOXO3a transcription factor 

homolog, daf-16 and its transcriptional target sod-3.  We observed no change 

in nuclear localization of DAF-16-GFP (data not shown) or upregulation of a 

GFP reporter for sod-3 expression (Fig. 2.7C), indicating that neuronal 

polyQ40 expression does not have a general effect on stress response 

pathways in C. elegans. This response was confirmed by QPCR analysis of 

the endogenous hsp-16.2 transcript as well as hsp-4 transcript (Fig. 2.7D). 

Collectively, this evidence suggested that Q40 was specifically capable of 

inducing a cell non-autonomous, mitochondrial stress response in C. elegans.  

 

Distal hsp-6 Induction Requires Functional UPRmt  Components 

Previous work in C. elegans has identified multiple genetic components 

required for the UPRmt stress response (Haynes et al., 2007; 2010; Yoneda et 

al., 2004). The increased expression of mitochondrial chaperones, HSP-6 and 

HSP-60, requires the nuclear localization of transcription factors and co-

regulators DVE-1, UBL-5, ATFS-1, while the protease CLPP-1 is required for 

generating the mitochondrial derived signal to activate the UPRmt.  
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It was predicted that the cell non-autonomous induction of mitochondrial 

chaperones seen with neuronal polyQ expression should require one or more 

of these factors.  To test this hypothesis, RNAi was applied against ubl-5, dve-

1, atfs-1 and clpp-1 to Q40 worms expressing hsp-6p::GFP. RNAi against dve-

1, atfs-1, and clpp-1 blocked the induction of the hsp-6p::GFP reporter in the 

intestine (Fig. 2.8A).  However, ubl-5 knockdown was not sufficient to 

suppress induction of the UPRmt (Fig. 2.8A).  The fluorescent results seen with 

were confirmed by QPCR as levels of endogenous hsp-6 and hsp-60 were 

suppressed in dvd-1 RNAi treated animals.  However, ubl-5 knockdown was 

not sufficient to suppress induction of the UPRmt (Fig. 2.8A).  The effect of 

gene knockdown on hsp-6 levels by dve-1 and ubl-5 RNAi was further 

confirmed by quantification of intestinal GFP, which showed a reduction of the 

cell non-autonomous response and by measuring endogenous transcript by 

QPCR and (Fig 2.8B and 2.8C). 

 To further confirm the role of dve-1 in mediating the intestinal induction 

of mitochondrial chaperones, strains expressing a dve-1p::DVE-1::GFP 

translational fusion reporter (Haynes et al., 2007) or a ubl-5p::UBL-5::GFP 

reporter strain were used to assess the effects of neuronal Q40 on the 

expression and localization of the dve-1 transcription factor in the intestine. 

Increased nuclear accumulation of dve-1p::DVE-1::GFP was found in intestinal 

cells of the neuronal Q40 strain (Fig. 2.9A).  The increase in visible intestinal 

nuclei was quantified compared to strains expressing the DVE-1 reporter 
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alone (Fig. 2.9B) Additionally, we tested whether signaling through intestinal 

mitochondria, specifically through clpp-1, is upstream of the transcription 

response of hsp-6 chaperone induction.  RNAi to clpp-1 blocked the increase 

in nuclear dve-1p::DVE-1::GFP accumulation, while atfs-1 RNAi did not, 

indicating that clpp-1 is in fact upstream of the transcriptional response, while 

atfs-1 acts either in parallel or downstream of dve-1 in response to neuronal 

polyQ (Fig. 2.9C). ubl-5p::UBL-5::GFP expression was increased in the 

intestine of neuronal Q40 animals, (Fig. 2.10A) but this induction was not 

required for the upregulation of hsp-6, as shown by RNAi experiments in which 

ubl-5 knockdown did not suppress the UPRmt response (Fig. 2.10A). 

 

Non-autonomous UPRmt signaling requires unc-31 mediated 

neurosecretion 

 Because mitochondrial stress in the nervous system can induce the 

UPRmt in the intestine, which is not directly innervated by the nervous system, 

It was hypothesized that a secreted signal that was potentially a neuropeptide, 

hormone, or biogenic amine was responsible for distal UPRmt induction. To 

examine the functional connection between neuronal secretion and UPRmt 

signaling, mutant strains defective in components of both synaptic 

transmission machinery and dense core vesicle release (DCV) were used.  

Mutations in unc-13 and unc-18  (encoding diacylglycerol-binding protein and 

sec-1 respectively), result in reduced neurosecretion, particularly at the 
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synaptic cleft, affecting the release of predominantly small molecule 

neruotransmitters (Gengyo-Ando et al., 1993; Richmond et al., 1999; 

Tokumaru and Augustine, 1999).   Interestingly, the cell non-autonomous 

signaling of the UPRER from the nervous system to the periphery in the worm 

requires an unc-13/unc-18 mediated mechanism (Taylor and Dillin, 2013).  In 

contrast to the UPRER, loss of unc-13 or unc-18 did not suppress the cell non-

autonomous signaling of the UPRmt.  Surprisingly, mutations in unc-31 

(encoding the calcium activator protein for secretion), however, which 

selectively block DCV secretion (Charlie et al., 2006; Speese et al., 2007), 

were able to suppress cell non-autonomous UPRmt induction. Mutations in 

unc-31 suppressed hsp-6p::GFP induction, while unc-13 and unc-18 mutants 

had no effect on the mitochondrial stress response to polyQ (Fig. 2.11A).  

There is a possibility that a loss of unc-31 affects dense core vesicle 

release from the intestine and is not specific to neuronal vesicle release.  To 

control for UNC-31 in the intestine using a gly-19p::unc-31cDNA construct 

expressed in worms also expressing rgef-1p::Q40::YFP and hsp-6p::GFP.  

Intestinal expression of unc-31 did not rescue hsp-6p::GFP expression in the 

intestine (Fig. 2.11B).  The generation of lines in which unc-31 is rescued in 

the neurons using a rgef-1p::UNC-31cDNA construct was unsuccessful. Taken 

together, there appears two very distinct neurosecretory mechanisms to 

transmit ER stress and mitochondrial stress: ER stress operates through a 
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vesicular release mechanism requiring unc-18 and unc-13, whereas 

mitochondrial stress functions through DCV release requiring unc-31. 

 

Serotonin is necessary for UPRmt signaling 

UNC-31 mediates the release of dense core vesicles, which carry 

biogenic amines, neuropeptides, and hormones (Avery et al., 1993).  Patients 

with Huntington’s as well as mammalian models expressing extended 

polyglutamine repeats exhibit dopaminergic as well as serotonergic signaling 

defects (Mochel et al., 2011; Pang et al., 2008).  The role of biogenic amines 

in the non-autonomous induction of the UPRmt was therefore examined. A 

compound screen was performed in which the neuromodulators serotonin, 

dopamine, octopamine, and tyramine were added back to the secretion 

deficient unc-31 mutants expressing neuronal Q40 to determine whether these 

could rescue hsp-6 reporter suppression seen in the unc-31 mutants.  Addition 

of 5mM serotonin to plates, but not other biogenic amines, was able to partially 

rescue hsp-6 induction by neuronal Q40 (Fig. 2.11C and D).  Importantly, 

addition of serotonin to the hsp-6 reporter strain alone did not induce the 

response, indicating that the proteotoxic stress of Q40 must be present in 

order to send a signal of mitochondrial stress to receiving cells (Fig. 2.11D). 

Even at higher doses, neither octopamine, tyramine or dopamine could rescue 

hsp-6 induction of the unc-31 mutant animals (Fig. 2.11E).  Additionally, 

serotonin added to plates containing Q67 expressing worms was able to 
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induce the UPRmt.  However, this induction required a much higher 

concentrations than those used for Q40 (Fig 2.11F). This may be caused by 

the minor interaction of Q67 on the mitochondria in these neurons. These 

results suggest that serotonin acts downstream of unc-31 to mediate non-

autonomous mitochondrial chaperone induction.   

Serotonin is a highly conserved target of various stress stimuli and acts 

in both invertebrates and vertebrates to modulate the response of neurons 

and the secretion of other molecules to environmental conditions such as 

stress and nutrient availability.  Serotonin plays diverse roles in mediating 

behavioral responses to stress and anxiety, as well as regulating immune 

function and metabolism in peripheral tissues.  It is possible that serotonin acts 

directly on the intestine to initiate the response in non-neuronal tissues. 

However, RNAi to several serotonin receptors, ser-7, ser-1, and mod-1, did 

not suppress hsp-6P::GFP induction (Fig. 2.12A).  Due to its role as a 

neuromodulator, we reasoned that serotonin acts in the nervous system, and 

in response to misfolding stress, regulates the release of other secreted 

factors that may act on distal tissues.  Strains expressing Q40 and the hsp-6 

reporter were crossed to mutants deficient in serotonin synthesis (tph-1 

(mt280)). TPH-1 is normally expressed in the NSM, ADF, HSN, AIM, and RIH 

neurons.  Loss of function in tph-1 was sufficient to suppress the non-

autonomous mtUPR induction, indicating that these neurons are responsible 

for initiation of the stress signal (Fig. 2.11F). 
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To further define the neuronal circuitry required for cell non-

autonomous signaling we have expressed polyQ40 in various subsets of 

neurons as well as specifically in serotonin producing neurons.  We generated 

strains in which Q40::YFP is expressed exclusively in all motor neuron classes 

using a construct in which Q40 is driven by the unc-7 promoter in hsp-6p::GFP 

expressing worms.  These strains did not show upregulation of the UPRmt in 

any other cell types (Fig. 2.12B), thus indicating that other neuronal subtypes 

besides those responsible for mechanosensation are required for generating 

the signal.  Additionally, a much longer polyQ stretch of 150 had been 

expressed in the ASH sensory neurons under an osm-10 promoter (Faber et 

al., 1999), but was similarly unable to induce the intestinal UPRmt response 

(Fig. 2.12B). 

   

Serotonin engages the UPRmt pathway specifically 

 To test whether serotonin acts upstream of UPRmt pathway 

components in the intestine serotonin was applied to Q40; hsp-6p::GFP 

worms in which UPRmt components were depleted using RNAi.  Consistent 

with serotonin engaging the canonical UPRmt pathway, we found that 

serotonin was not able to induce the hsp-6p::GFP reporter with RNAi to clpP, 

atfs-1, or dve-1 (Fig. 2.13A).  We also assessed the specificity of serotonin to 

the UPRmt stress pathway and found that addition of serotonin was not able to 

induce the UPRER or sod-3 stress pathways (Fig. 2.13B).  Collectively, these 
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data strongly suggest that serotonin is required for the regulatory signaling 

pathways responsible for the upstream activation and/or expression factors 

needed for UPRmt activation in distal tissues in the presence of neuronal 

mitochondrial stress. 

 

Discussion  

This work describes the induction of the UPRmt in response to a 

misfolded, aggregative protein, specifically polyglutamine. The ability of the 

UPRmt to signal across tissues, which had been previously been reported in a 

model of respiratory chain deficiency (Durieux et al., 2011), is maintained 

when mitochondrial stress is initiated by proteotoxicity in the nervous system.  

Surprisingly, while the models of protein misfolding tested here are thought to 

accumulate mainly in the cytoplasm, no activation of the cytoplasmic stress 

response or the UPRER was seen in distal tissues.  Instead polyQ40 was 

localized to the mitochondria and initiated a mitochondrial stress response.   

Also demonstrated for the first time is the requirement of a neuromodulator, 

serotonin, in transmission of this signal. We suggest a model by which the 

organism requires serotonergic circuitry to regulate mitochondrial stress 

responses in various tissues in response to cellular protein misfolding.  

Addressing the particular requirements for initiation of the signal in neuronal 

mitochondria as well as the physiological role for the upregulated UPRmt in 

response to serotonin will be important considerations for future work.  
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Intermediate lengths of polyQ induce the mitochondrial stress response  

An intermediate length polyQ, Q40, was able to induce the 

mitochondrial stress response cell non-autonomously.  This same length of 

polyglutamine was specifically found in mitochondrial fractions, which 

suggests a mechanism for mitochondrial stress induction. Describing the 

consequence of intermediate lengths may be useful in identifying a threshold 

at which the organism is able to deal with and handle the polyQ in a beneficial 

way.  The Q40 strains are not reported to have a strong toxic phenotype.  

While there is variable aggregation by FRAP in the VNC neurons, there is no 

neuronal cell death or dysfunction in these strains, as compared to the Q67 

model (Brignull et al., 2006).  This difference in toxicity might explain the 

varying level of induction seen in the intestine of these two polyQ strains.   

Other models have shown the association of longer more aggregative 

forms of polyQ with the outer mitochondrial membrane (OMM) by electron 

microscopy (Gutekunst et al., 1998; Panov et al., 2002).  While there is some 

association of Q67 with the mitochondria, Q40 does so to a much greater 

extent.  Intermediate lengths, corresponding to the Q40 used here, were not 

tested in previous studies and might have also shown mitochondrial 

association.  Interestingly, when polyQ lengths that normally aggregate in the 

cytosol are targeted to the matrix of the mitochondria in mammalian cell 

culture, the polyQ is rapidly solubilized and loses its potential for aggregation 
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(Rousseau et al., 2004).  The folding state of the polyQ species that 

associates with the mitochondria in this C. elegans system is unknown. The 

induction of mitochondrial-localized chaperones would suggest that they play 

a role in disaggregating and refolding damaged proteins at the mitochondria. 

HSP-6 itself might act in the mitochondria to disaggregate toxic proteins.  It will 

be interesting to determine if, once in association with the mitochondria, polyQ 

may be acted on by as yet unknown mitochondrial detoxification machinery.    

Would any misfolded protein found in large amounts at the 

mitochondrial membrane cause the signaling of mitochondrial stress?  It is 

also possible that overexpression of any protein would ultimately result in 

association with the mitochondria, as the Q40 model here is more highly 

expressed than other polyQ models tested. Perhaps only aggregative proteins 

of a certain type are able to initiate the cell non-autonomous UPRmt. Here, a 

more exhaustive analysis of various misfolding models will be useful in 

assessing their association with the mitochondrial membrane and subsequent 

effects on the UPRmt. Directing TDP-43 or Q67, which do not show non-

autonomous activation, to the mitochondria would shed light on the necessity 

of mitochondrial localization for initiation of the response.  Determining 

whether polyQ accumulates at the mitochondria in other tissues will also be 

useful in assessing whether this is a generalized phenomena or something 

specific to mitochondrial stress pathway in the neurons 
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Most animal and cell models of polyglutamine pathology have used 

long, highly aggregative and highly toxic lengths due to their rapid onset and 

progression of disease. Little has been done to determine the physiological 

effects of polyQ lengths at the threshold of toxicity or disease associated 

lengths before they reach the clinical manifestation.  And yet, Huntington’s 

disease at a preclinical or threshold toxicity is often cited as the most favorable 

stage for beginning therapeutic interventions (Fanny Mochel, 2011; Wang et 

al., 2005).  It is possible that polyQ lengths at the pathogenic threshold might 

be better able to communicate a stress response that is potentially beneficial 

to the organism.   

 

Neuronal mediators of the UPRmt 

Additionally, the mediators of polyglutamine effects on the mitochondria 

that ultimately lead to the release of a neuroendocrine signal are yet to be 

determined.  The system used did not allow for interrogation of UPRmt 

pathway components, such as dve-1 or atfs-1, in the neurons due to the YFP 

tag on the polyQ and a lack of mutants for many of these genes.  An intriguing 

potential mechanism for mitochondrial stress induction would be the disruption 

of protein import into the mitochondria, which has been shown to act as a 

potent inducer of the UPRmt (Haynes et al., 2010; Nargund et al., 2012).  

Recent work has shown that blocking mitochondrial import of ATFS-1 is 

sufficient to drive its accumulation in the nucleus and subsequent induction of 
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the UPRmt response (Nargund et al., 2012). It will be interesting to determine 

whether ATFS-1 then accumulates in the nucleus of neurons to promote 

upregulation of hsp-6 and hsp-60.  Additionally, it is unknown which OMM 

proteins polyQ might directly interact with the mitochondria, which might shed 

light on the subsequent impact on mitochondrial stress. 

 

Signaling systemic UPRmt stress through serotonin 

It was unclear exactly how the neuronal perception of mitochondrial 

stress in the neurons resulted in the communication of this stress to other 

tissues.  In examining the role of extrasynaptic signaling from neurons we 

blocked all neuroendocrine dense core vesicle release using unc-31(e928) 

mutants, and this was able to suppress the UPRmt in the intestine. By more 

specifically interrogating the upstream signaling components, it was found that 

the communication of mitochondrial stress from the neuronal mitochondria to 

peripheral tissues requires serotonergic signaling.   

Serotonin circuitry mediates the behavioral response not only to 

environmental nutrient supply, but also to environmental toxins such as 

pathogenic bacteria, and more recently described, to xenobiotics and RNAi of 

certain genes (Melo and Ruvkun, 2012; Sze et al., 2000; Zhang et al., 2005b). 

Serotonin is also known to regulate fatty acid oxidation in the intestine through 

neuroendocrine signaling (Srinivasan et al., 2008). Chronic administration of 5-

HT to C. elegans reduced fat content, and this reduction was dependent on 
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mitochondrial β-oxidation genes, coincident with increased oxygen 

consumption rates. This provides evidence of distal regulation of mitochondrial 

metabolism by serotonin, suggesting that similar signaling mechanisms may 

play a role in stress biology as well. It therefore seems plausible that serotonin 

acts as a signaling mechanism for coordinating neuronal cues with peripheral 

metabolism and stress responses.   

However, it is possible that other secreted molecules released at dense 

core vesicles have stimulatory or repressive actions on distal stress responses 

as unc-31 has effects on numerous neuroendocrine systems (Avery et al., 

1993; Sieburth et al., 2007) as we find a particular sensitivity of the hsp-6 

reporter in these mutants to environmental stressors.  Additionally, by affecting 

all unc-31 mediated release of serotonin, it is unclear where exactly the 

relevant actions of serotonin must occur to further regulate UPRmt signaling.  

Serotonin release by dense core vesicle can have effects both locally and 

distally, at both presynaptic and postsynaptic sites. In C. elegans the effects of 

serotonin are controlled at multiple points by cell-type specific expression of 

receptors that then initiate different downstream signaling (Dempsey et al., 

2005; Harris et al., 2009; Song and Avery, 2012) 

RNAi to several serotonergic receptors was not able to suppress the 

intestinal response, suggesting that serotonin signals through another 

intermediate to influence mitochondrial chaperones in the intestine.  However, 

the list of receptors tested was not exhaustive and there may be some 
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expression of other serotonergic receptors at the intestine.  If acting through 

another signaling molecule, serotonin’s role may be to amplify or propagate 

the signal through various neuronal circuits. The level of regulation may be at 

the synthesis of serotonin in neurons expressing polyQ by a change in 

transcription levels or activity of TPH-1.  Alternatively, serotonin uptake into a 

neuron under mitochondrial stress might allow for release of the UPRmt signal.  

While serotonergic signaling has not been reported to respond directly to 

mitochondrial perturbation, levels of the biosynthetic enzyme, TPH-1, are 

responsive to stress conditions such as hypoxia and high levels of oxidative 

stress (Pocock and Hobert, 2010).  Serotonin may act to integrate signals 

about the environment with the current physiological nutrient state and stress 

threshold of the organism.   

 

Physiological effect in comparison to other systemic UPRmt models 

It is possible that the distal response is merely a sensation in distal 

tissues of mitochondrial and consequent neuronal damage. Or, is the etiology 

an adaptive response to the presence of neuronal stress and a consequence 

of the organism’s attempt to maintain homeostasis?  Generally, non-

autonomous upregulation of stress responses, either through reductions in 

signaling as with insulin and thermoregulatory circuits or through enhanced 

signaling as with the UPRER, may be thought of as beneficial for the organism 
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((Alcedo and Kenyon, 2004; Durieux et al., 2011; Prahlad and Morimoto, 

2011).   

As opposed to previous work showing the transmission of mitochondrial 

stress from the nervous system to other tissues, which was initiated by 

reduction in respiratory chain activity specifically during development, the 

signal described here is induced in adulthood (Durieux et al., 2011) (Fig. 

2.2B).  Because the signal in the proteotoxic model is initiated in adulthood the 

UPRmt is not induced to the same extent and may not play a role in 

ameliorating the effects of proteotoxic stress in the neurons.   A beneficial 

effect of perturbing mitochondrial function in adulthood has been reported.  

Knocking down certain mitochondrial ribosome components in adulthood can 

extend lifespan (Chen et al., 2007), however, the effects on UPRmt have not 

been address in these models.   

It is also possible that the signal is activated too late, in adulthood 

rather than during development, and too mildly to confer the beneficial effects 

it normally would if induced during development as in the cco-1 model of 

longevity.   However, it would seem that a mild upregulation of stress 

responses under chronic stress might be more adaptive that maintaining a 

constant high level of activation that has been shown to have adverse effects 

on lifespan and physiology (Feder et al., 1992).  We noticed in analyzing our 

polyQ model that there is an additive effect on UPRmt upregulation by 

endogenous transcript of hsp-6 when worms are also placed on cco-1 RNAi 
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(Fig. 2.8C).  It is possible that the low level of stress experienced by these 

strains lowers a threshold for activation or primes the system for response 

under further stress.  So, while these strains may show no basal negative or 

positive consequence of upregulated UPRmt, under further stress they may 

show greater resistance.   

The previous model of neuronal mitochondrial stress also found 

dependence on ubl-5, while we show dependence on dve-1 and atfs-1 but not 

ubl-5.  The differential dependence on these various transcription factors and 

their potentially different roles at various states of development and adulthood 

in the organism might mediate the differences we see in time, intensity and 

physiological outcome of UPRmt induction.  It is also possible that the signals 

for activating the UPRmt cell non-autonomously are distinct between the two 

systems and thus have differential effects on organismal physiology.  

Ultimately, if beneficial, maintaining these protective responses in the 

background of increasing toxicity might prove therapeutic in numerous age- 

related neurodegenerative diseases.   
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Materials and Methods 
 

C. elegans maintenance and transgenic lines 

AM23 (rmIs19 [rgef-1p::Q19::CFP]), AM101 (rmIs101 [rgef-

1p::Q40::YFP]), and AM716 (rmIs176 [rgef-1p::Q67::YFP]) were a generous 

gift from Rick Morimoto (Brignull et al., 2006).  snb-1p::TDP-43 Q133K  were a 

gift from J Wang.  SJ4100 (zcIs13 [hsp-6p::GFP]), SJ4058 (zcIs9 

[hsp60p::GFP]), CL2070 (dvIs [hsp-16.2::GFP]), SJ4005 (zcIs  [hsp-4p::GFP]),  

CF1553 (sod-3p::GFP),   AM141 (rmIs141 [unc-54p::Q40::YFP]), GF80 ([gly-

19p::Q40::GFP], RF4 rol-6]),  SJ4197 (zc[dve-1p::dve-1::GFP]),  unc-31 

(e928)IV, unc-13 (e1091)I, unc-18 (e81) X, tph-1(mg280)II and N2 strains 

were obtained from the Caenorhabditis Genetics Center.  Nematodes were 

handled using standard methods (Brenner, 1974).  

For generation of rgef-1p::Q40::RFP strain the pPD30.38 Q40YFP 

plasmid was used, which was a generous gift from Rick Morimoto.  RFP in the 

manuscript refers to tdTomato.  The YFP and unc-54 3’UTR from the plasmid 

were removed using the AgeI and NotI cut sites.  tdTomato and unc-54 3’UTR 

were cut using the same sites from the pAD106 plasmid and inserted into the 

pPD30.38 Q40YFP plasmid.  Transgenic lines were generated by 

microinjecting plasmid DNA containing 50ng/ul rgef-1p::Q40::RFP construct 

mixed with 100ug/ul pAD61 empty plasmid DNA into the gonads of adult 

hermaphrodite animals.  Transgenic F1 progeny were isolated on the basis of 

RFP fluorescence in the neurons and F2 lines were selected to isolate stable 
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lines.  For the control YFP strains, polyQ was removed using KpnI and BamHI 

sites from the above plasmid.   The Aβ insert without a signal sequence was 

amplified by PCR with the KpnI and BamHI restriction sites and inserted in to 

the polyQ site on the plasmid.  For the unc-7 promoter strains, XmaI and SphI 

were used to remove the rgef-1promoter and insert the unc-7 promoter 2kb 

upstream of the unc-7 start site, amplified with these sites from genomic DNA, 

unc-31 rescue strains.  Finally, the gly-19p::unc-31cDNA plasmid was 

generated by PCR amplifying the unc-31 cDNA from a plasmid given us by 

Ken Miller’s lab.  The KpnI and AgeI sites were used to insert the cDNA in a 

gly-19promoter plasmid.  All lines were made as above, except the Abeta and 

unc-7promoter lines which were co-injected with 100ul/mg of the pRF4, rol-6 

plasmid. 

 

Imaging and Analysis 

For microscopy experiments worms were anesthetized using 0.1mg/ml 

levamisole hydrochloride in M9 which pilot experiments confirmed has no 

effect on reporter expression alone.  Unless otherwise noted, all animals were 

day 2 adult hermaphrodites, and experiments were performed in triplicate with 

10-20 animals imaged per experiment.  Worms were grown on HT115 when 

RNAi was needed.  However, for experiments using the unc-31 mutant strains, 

animals were always grown on OP50 as it was noticed that HT115 bacteria 

strongly induced the reporter in these strains.   
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For whole animal imaging, worms were imaged using a Leica MZ 16F 

dissecting scope with a 1x objective, 8x magnification.  All images were taken 

using a fixed exposure and gain to just below saturation for the intestinal 

fluorescence. To quantify GFP fluorescence, intestinal regions were outlined 

and quantified using ImageJ software. All measurements were expressed 

relative to background levels in the appropriate control non-GFP fluorescent 

strain, or to EV or vehicle control for RNAi and pharmacologic experiments.  

For quantifying the localization and intensity of the dve-1 fusion reporter, 

worms were mounted on 2% agarose pads with levamisole anesthetic and 

photographs were taken using a Zeiss Axiovert microscope and AxioCam.   

 

RNA extraction and RT-QPCR 

Total RNA was isolated from synchronized populations of 

approximately 500 animals for each time point, with three biological replicates 

per time point.  Total mRNA was extracted using freeze cracking with QIAzol 

reagent and subsequent chloroform treatment, before undergoing ethanol and 

isopropanol wash steps.  mRNA underwent column purification on Qiagen 

RNAeasy columns.  cDNA was created using the Quantitec Reverse 

Transcriptase kit according to standard protocol (Qiagen).  SybrGreen real-

time QPCR experiments were performed as described in the manual using 

ABI Prism79000HT (Applied Biosystems) and cDNA at a 1:20 dilution.  All 

QPCR experiments were performed in triplicate and normalized to cdc-42 and 
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pmp-3 mRNA levels as described previously in (Hoogewijs et al., 2008).  The 

values obtained for each time point were averaged and Student’s t-test was 

used to determine statistical significance.  

QPCR Primers 

hsp6-F caaactcctgtgtcagtatcatggaagg 

hsp6-R gctggctttgacaatcttgtatggaacg 

hsp60-F gggaagaaacgtgatcatcga 

hsp60-R cagcctcctcattagccttg 

dve-1F  tagcagctcttggacattcgagca 

dve-1R  cgaatggcaagggtttccagttgt 

ubl-5F tgatcgctgcacaaactggaacac 

ubl-5R ccctcgtgaatctcgtaatccatc 

hsp-16.2F  actttaccactatttccgtccagc 

hsp-16.2R  ccttgaaccgcttctttcttt 

cdc-42F ctgctggacaggaagattacg 

cdc-42R ctcggacattctcgaatgaag 

pmp-3F  gttcccgtgttcatcactcat 

pmp-3R  acaccgtcgagaagctgtaga 

Y45F10D.4F gtcgcttcaaatcagttcagc 

Y45F10D.4R gttcttgtcaagtgatccgaca 

 

Protein assays and mitochondrial fractionations 
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Samples obtained from animals cultured on large solid plates were 

washed with M9 and resuspended in 1X TBS containing 0.1% NP40 plus the 

Roche protease inhibitor cocktail.  Samples were then subjected to glass bead 

homogenization using a Precellys 24 at 3000 rpm for 3 cycles at 90 seconds.  

Samples were then spun down on a tabletop centrifugation at 4ºC for 10 

minutes at maximum spin to separate the resulting supernatant from the 

cellular debris.  Protein quantification was performed by BCA, and samples 

were normalized for total protein content.  The standard NuPAGE Bis-Tris 

protocol was then followed, before Western blotting with 1:1,000 Roche Anti-

GFP or Anti GRP-75(mtHSP6) at 1:1,000 antibody overnight.  Secondary 

antibody concentration was 1:10,000 and membranes were visualized using 

standard AbCam ECL kit, then stripped and re-probed for alpha tubulin at 

1:2,000.     

 Cell fractionations were prepared as described in (Haynes et al., 2010).  

60,000-100,000 synchronized worms were raised on large plates with a 

concentrated OP50 lawn until day 1 of adulthood and then washed off and 

spun down.  These worms were then processed immediately for biochemistry.  

NDUFS3 antibodies 1:3,000 from MitoSciences and H2A antibodies at 1:2,000 

from AbCAM were used for mitochondrial and nuclear blots, as well as the 

antibodies listed above.  All Westerns were performed in duplicate or triplicate. 

 

Pharmacologic treatment 
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5-HT hydrochloride powder (Sigma) was dissolved in 0.1 M HCl to a 

concentration of 0.1 M and added to NGM plates seeded with OP50 at a 

concentration of 0.5mM, 5 mM, 10 mM, or 50mM initially. 5mM was determine 

to be the optimal concentration for reporter induction and was used for all 

further experiments unless otherwise noted.  Plates were allowed to 

equilibrate overnight and used the next day. For vehicle-treated controls, 0.1 

M HCl was added to plates to a final concentration of 5 mM. This HCl 

treatment was reported to not affect growth, viability, or fecundity (Srinivasan 

et al., 2008). Synchronized L4-stage animals were plated on vehicle- or 5-HT-

treated plates, and imaging of hsp-6p::GFP reporter induction was measured 

at day 1 and day 2.  For day 2 measurements, worms were transferred to 

fresh serotonin plates.   Dopamine, tyramine, and octopamine were 

administered by the same methods dissolved in water at concentrations of 

100mM for dopamine and 10mg/ml for tyramine and octopamine.   These 

optimal concentration ranges were determined from the literature (Dempsey et 

al., 2005), but a range of concentrations were tested.  

 
Chapter 2, in part is currently being prepared for submission for 

publication of the material. Berendzen, Kristen; Durieux, Jenni; Wolff, 

Suzanne; Dillin, Andrew. “The Serotonin-Dependent Regulation of the Cell 

Non-Autonomous Response of Mitochondria to Proteotoxic Stress”. The 

dissertation author was the primary investigator and author of this material. 
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Chapter II Figure 1.  Neuronal polyQ40 induces intestinal hsp-6p::GFP.  A) Strains 
expressing Q40::YFP under the neuron specific rgef-1 promoter have increased hsp-6 
promoter activity in the intestine, as measured by an hsp-6p::GFP reporter.  hsp-6p::GFP 
reporter strains and control strains expressing neuronal YFP under the rgef-1 promoter do not 
show intestinal induction.  Representative GFP fluorescence and bright field images are 
shown.  B) An hsp-60p::GFP reporter was also induced in the intestine when Q40::YFP was 
expressed in the neurons.  C) RT-QPCR reveals a significant increase in endogenous hsp-6 
transcript in the whole worm of the neuronal Q40 strains normalized to wild-type (Error bars 
represent standard deviations, Student’s t-test p-value< 0.042), while hsp-60 was not 
significantly induced (Student’s t-test p-value n.s).  D) ~2500 animals were grown on plates 
seeded with HT115 bacteria expressing either empty vector (EV) or cytochrome c oxidase 
(cco-1) dsRNA as a positive control until day 1 of adulthood, washed and collected for 
immunoblot analysis.  SDS PAGE and Western blotting was performed with antibody against 
GFP to blot both the Q40::YFP as well as the hsp-6p::GFP reporter, which reveals an increase 
in both the cco-1 positive control samples as well as in the Q40::YFP sample.  Antibody to 
human GRP75/HSP-6 was used to measure endogenous HSP-6 protein, which also showed 
an increase in the positive control and Q40::YFP samples.  Antibody to α-tubulin is used as a 
loading control.  n=3 for QPCR experiments and n=2 for immunoblots. 
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Chapter II Figure 2. Q40::RFP expressed in neurons induces intestinal hsp-6p::GFP 
specifically in adulthood.  A) Representative images are shown of worms expressing Q40 
tagged with RFP specifically in the neurons.  This expression induces the hsp-6p::GFP 
reporter in the intestine to similar levels as the neuronal Q40::YFP strains over the basal level 
of reporter GFP in control strains.  Q40::RFP strains animals show RFP fluorescence 
specifically in the neurons.  There is no leaking of promoter expression by visible RFP 
fluorescence in the intestine.  B) Neuronal Q40::YFP strains induce the hsp-6p::GFP in an 
animal at day 2 of adulthood (white arrowhead); larvae shown at stage L3 and L4 do not show 
intestinal induction (white arrow).   
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Chapter II Figure 3.  Expression of cytoplasmic Aβ and TDP-43 in the neurons does not 
induce intestinal hsp-6p::GFP.  A)  Control animals expressing Q40::YFP in the neurons 
show intestinal induction of hsp-6p::GFP.  Animals expressing TDP-43 driven by the pan-
neuronal specific snb-1 promoter do not show intestinal GFP expression.  Animals expressing 
cytoplasmic Aβ by removal of the signal sequence under the rgef-1 promoter also fail to 
induce an intestinal response. Top panels show animals without the reporter and bottom 
panels show animals expressing the hsp-6p::GFP reporter.  The rgef-1p:: Aβ strain is shown 
in bright field because it lacks a fluorescent tag.  Representative images are shown. 
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Chapter II Figure 4.  Q35::YFP expressed in the muscle does not induce cell non-
autonomous expression of hsp-6p::GFP.  Day 2 adult animals expressing Q35::YFP, which 
aggregates at later ages, expressed in the muscle by the unc-54 promoter do not show 
induction of the hsp-6p::GFP reporter in other tissues when grown on HT115 bacteria 
expressing empty vector dsRNA.  As a positive control worms grown on cco-1 RNAi show 
robust induction in the intestine. 
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Chapter II Figure 5.  PolyQ lengths other than Q40 do not induce the cell non-
autonomous response of hsp-6p::GFP.  A) Non-toxic Q19::CFP and higher length, 
aggregative Q67::YFP were also expressed under the neuronal rgef-1 promoter in the hsp-
6p::GFP reporter background.  No intestinal fluorescence was seen in non-neuronal tissues 
above background levels of the reporter. Top panels show GFP fluorescence while bottom 
panels show bright field images of day 2 adult animals.   B) Intestine specific GFP 
fluorescence was quantified from images of the polyQ strains. Worms were anesthetized and 
imaged at day 2 of adulthood.  The intestine was outlined in the bright field image, overlaid on 
the fluorescence image, and pixel intensity analyzed by ImageJ.  Fluorescence in the polyQ 
strains was expressed relative to the corresponding polyQ strain without reporter to account 
for any potential background neuronal fluorescence.  Flourescence in the hsp-6p::GFP strain 
was expressed relative to wild type. Intestinal fluorescence was increased only in the neuronal 
Q40::YFP strains (mean= 3.02 + 0.14, n=10-20 animals/experiment, Student’s t-test p<0.032). 
Each imaging experiment was repeated 2-3 times. C) RT-QPCR analysis of whole animal 
transcript levels in the three polyQ strains normalized to wild type animals shows that hsp-6 
transcript is upregulated in both the neuronal Q40 and Q67 strains, but not in the Q19 strain 
(Error bars represent standard deviation from biological triplicates). hsp-6 mRNA levels were 
also upregulated in the positive control grown on cco-1 RNAi.    
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Chapter II Figure 6.  PolyQ40 associates with the mitochondria in neurons.  A)  
Immunoblot of ~80,000 day 1 adult wild type, neuronal Q40::YFP, and neuronal Q67::YFP 
animals after fractionation into postmitochondrial supernatant (S) and mitochondrial pellet (M), 
which was further purified using an Optiprep gradient.   Blotting for GFP shows Q40::YFP is 
present in the mitochondrial fraction.  The lower band is cleaved YFP.  Endogenous NDUFS3 
serves as a mitochondrial marker and α-tubulin a cytoplasmic marker.  The band just below α-
tubulin in the Q67 cytoplasmic fraction is Q67::YFP that remained after membrane stripping. 
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Chapter II Figure 7.  Neuronal polyQ40 specifically induces the hsp-6 reporter cell non-
autonomously and not other stress responses.  A) Strains expressing Q40::YFP under the 
neuron specific rgef-1 promoter do not show intestinal induction of the hsp-16.2p::GFP 
reporter indicating no intestinal induction of the cytosolic heat shock response.  Heat shock at 
33 degrees Celsius for 30minutes is used as a positive control and robustly induces the 
reporter.  Bright field images are shown in the bottom panel.  B and C) Neither the hsp-
4p::GFP reporter (indicating UPRER induction) nor the sod-3p::GFP reporter (indicating DAF-
16 activity) were induced in the intestine by neuronal Q40::YFP.  D) RT-QPCR analysis of 
whole animal transcript levels in the three polyQ strains normalized to wild type animals shows 
that the endogenous hsp-16.2 and hsp-4 are not significantly induced in any of the neuronal 
polyQ models.  hsp-16.2 was only measured once in the Q19::CFP strain, otherwise 
experiments were repeated three times (Error bars represent standard deviation). 
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Chapter II Figure 8.  Intestinal hsp-6 induction in response to neuronal polyQ40 
requires the UPRmt genes clpp-1, dve-1, and atfs-1.  A)  rgef-1p::Q40::YFP expressing 
strains were grown on either empty vector (control), dve-1, atfs-1, clpp-1, or ubl-5 RNAi from 
hatch. cco-1 RNAi was used as a positive control.  Animals were imaged as before; top panels 
show GFP fluorescence, and bottom show bright field images.  B) Relative GFP fluorescence 
for cco-1, dve-1, and ubl-5 RNAi conditions was quantified using ImageJ as before and 
expressed relative to EV control.  Treatment with dve-1 RNAi reduced intestinal hsp-6p::GFP 
fluorescence but not significantly (Error bars represent standard error, n= 10 
worms/experiment, Student’s t-test p<0.2).  C) RT-QPCR analysis of whole animal transcript 
levels in the polyQ40 animals and wild type on each of the RNAi conditions relative to wild 
type on vector control.  Animals were collected at day 1 of adulthood.  
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Chapter II Figure 9.  Increased nuclear localization of DVE-1::GFP in the intestine with 
neuronal polyQ40 expression.  A)  Worms expressing a translational reporter for dve-1, dve-
1p::DVE-1::GFP, showed increased nuclear localization when also expressing Q40::YFP in 
the neurons.  cco-1 RNAi was used as a positive control, while a vector control RNAi was 
used for other conditions.  DVE-1 is normally expressed highly in certain neurons and at low 
levels in the intestine.  Arrows indicate DVE-1::GFP or Q40::YFP in neuronal cell bodies or 
specifically Q40::YFP in ventral/dorsal cord axons.  Arrowheads mark intestinal nuclei.  The 
top panel shows the posterior intestine of animals at 1X magnification, while the bottom panel 
shows fluorescence overlaid on a DIC image of the posterior intestine at 40X magnification.  
B)  The number of intestinal nuclei were counted at 4x magnification for all conditions at the 
same fluorescence intensity.  Neuronal Q40::YFP strains showed a significant increase in 
intestinal puncta over wild type. (mean = 6.91+ 0.24, n=50 worms/experiment, Student’s t-test 
p<0.002) Experiment was performed in triplicate, error bars indicate standard error of the 
mean.  C)  rgef-1p::Q40::YFP; dve-1p::DVE-1::GFP animals were placed on RNAi for clpp-1, 
atfs-1, or vector control and assessed for loss of intestinal GFP puncta.  Images show 
posterior intestine at 1x magnification as before.  Arrows again indicate neurons bodies or 
processes and arrowhead indicate DVE-1::GFP puncta.  clpp-1 RNAi suppresses intestinal 
DVE-1::GFP puncta in the intestine of Q40::YFP animals, while atfs-1 has no effect. 
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Chapter II Figure 10.  UBL-5::GFP is induced in the intestine of neuronal Q40::YFP 
animals.  A) Worms expressing a translational reporter for ubl-5, ubl-5p::UBL-5::GFP, showed 
increased reporter levels throughout the intestine in strains also expressing Q40::YFP in the 
neurons.  cco-1 RNAi was used as a positive control, while a vector control RNAi was used for 
other conditions.  cco-1 RNAi did not appreciably induce the UBL-5 reporter while neuronal 
Q40 did.  UBL-5::GFP was not localized to nuclei as expected. 
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Chapter II Figure 11.  Non-autonomous induction of hsp-6p::GFP requires unc-31 mediated 
neurosecretion.  A) The hsp-6p::GFP reporter response in neuronal polyQ40 strains was 
assessed in the background of unc-31 (e928), unc-13 (e1091), or unc-18 (e81) mutants.  
Representative GFP fluorescent images are shown.  The unc-31 (e928) robustly suppressed the 
intestinal GFP induction while the other mutants for neurosecretion did not.  B) An unc-31cDNA 
rescue plasmid driven under the intestinal specific gly-19 promoter was expressed in the neuronal 
polyQ40; hsp-6p::GFP; unc-31(e928) animals.  Intestinal rescue of UNC-31 did not rescue 
reporter activation in the intestine.   C) L4 stage polyQ40; hsp-6p::GFP; unc-31 (e928) animals 
were treated with serotonin (5-HT) at 5 different concentrations (0.5mM, 2mM, 5mM, 10mM and 
50mM dissolved in 0.5mM HCl, vehicle control = HCl) on plates seeded with OP50 bacteria to 
determine if 5-HT could rescue suppression of the reporter.  Representative images of the 5mM 
treatment are shown indicating rescue in the posterior intestine.  D) The intestinal rescue with 
5mM 5-HT treatment is quantified by ImageJ as described previously (Error bars indicate 
standard deviation, n=10-20 animals/experiment, Student’s t-test p<0.01).  E)  Rescue of other 
biogenic amines on plates beginning at L4 was also done.  Dopamine, octopamine, and tyramine 
were administered to plates at a final concentration of 100mM, 10mg/ml, 10mg/ml for each 
respectively.  None of these conditions was able to rescue the suppressed reporter induction in 
the unc-31 (e928) background.  F)  Serotonin treatment was performed on the neuronal 
Q67::YFP strain to determine if this was sufficient for intestinal reporter induction.  Higher 
concentrations of serotonin, 10mM in plates, was able to partially rescue hsp-6p::GFP induction 
in the posterior intestine.  G) The neuronal polyQ40;hsp-6p::GFP strain was crossed to tph-
1(mg280) mutant animals, which are deficient in serotonin synthesis.  The tph-1 (mg280) 
mutation was able to suppress cell non-autonomous hsp-6p::GFP induction.  Representative 
images are shown.
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Chapter II Figure 12.  Neither knockdown of specific serotonergic receptors nor 
polyQ40::YFP expression in specific neurons alters hsp-6p::GFP expression.  A) The 
Q40::YFP; hsp-6p::GFP strain was grown on RNAi to mod-1, ser-1, and ser-7 serotonergic 
receptors from hatch and intestinal fluorescence compared to control (EV) vector at adulthood.  
Knockdown of these receptors, presumably in non-neuronal tissues given that the neurons are 
relatively refractory to RNAi, did not suppress the intestinal hsp-6 response.  B)  Q40::YFP 
was expressed under the unc-7 promoter, driving Q40 in the mechanosensory neurons.  This 
was not sufficient to induce the cell non-autonomous hsp-6 response by intestinal GFP 
fluorescence.  Animals expressing a longer Q150::GFP stretch under the dopaminergic 
neuron osm-10 promoter were also unable to induce a non-autonomous UPRmt response. 
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Chapter II Figure 13.  Serotonin specifically activates the UPRmt stress response and is 
upstream of pathway genes in the intestine.  A)  Neuronal Q40::YFP animals crossed to 
the hsp16.2p::GFP and hsp-4p::GFP animals were treated with 5mM 5-HT on plates seeded 
with OP50 bacteria as before.  GFP fluorescence in the posterior intestine was compared to 
vehicle control and to 5-HT treatment in the reporter strains alone by. 5-HT treatment did not 
induce non-mitochondrial reporters in the intestine.  B)  Neuronal Q40::YFP animals 
expressing the hsp-6 reporter were grown on RNAi for UPRmt pathway genes, clpp-1 and 
atfs-1 and treated with 5mM 5-HT at L4 stage to determine if 5-HT acts upstream of these 
intestinal genes to induce the UPRmt.  5-HT treatment was unable to rescue suppression by 
RNAi treatment compared to control vector treated animals indicating that 5-HT signaling is 
upstream of the autonomous UPRmt genes.  C)  Model of cell non-autonomous hsp-6p::GFP 
induction in response to polyQ40 neuronal stress.  With polyQ40 stress in the neurons a 
signal is released via unc-31 and regulated by serotonin circuitry to act on the intestine.  The 
signal requires atfs-1 and clpp-1 to further regulate DVE-1 in the nucleus resulting in 
upregulation of mitochondrial chaperones. 
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CHAPTER 3: 
 

The kynurenine pathway regulates systemic stress responses to 
neuronal proteotoxicity   
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Introduction 

The kynurenine pathway presents the major route for tryptophan 

catabolism in mammals and has been implicated in neuronal dysfunction and 

disease.  Tryptophan can also be converted to serotonin through the actions 

of tryptophan hydroxylase or utilized in protein synthesis.  Recent work has 

pointed to the role of the kynurenine pathway in mediating the cellular toxicity 

seen with many neurodegenerative diseases.  Work in C. elegans, fly, and 

mouse models of Alzheimer’s and Huntington’s has shown amelioration of 

pathology with block of the pathway and reduction in most pathway 

metabolites, while pharmacological activation of certain neuroprotective 

metabolites has beneficial effects (Campesan et al., 2011; Giorgini et al., 

2005; van der Goot et al., 2012; Zwilling et al., 2011). This group of metabolic 

breakdown products accounts for >90% of peripheral catabolism of tryptophan 

in mammals (Leklem, 1971).  The role of serotonin in signaling mitochondrial 

stress in our proteotoxic models made the neurotoxic metabolites of the 

kynurenine pathway interesting candidates for mediating this intercellular 

signaling.   

 

Kynurenine pathway metabolites 

 Early biochemical studies identified the enzymatic reactions required for 

production of the various bioactive metabolites of the kynurenine pathway.  

The initial and rate-limiting step of tryptophan breakdown through the 
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kynurenine pathway is performed by indoleamine 2,3-dioxygenase (IDO1, 

IDO2) and tryptophan 2,3-dioxygenase (TDO), which produce N-

formylkynurenine (Fig. 3.1A).  In mammals, IDO is expressed in the central 

nervous system (CNS) and is inducible upon inflammatory stimuli, while TDO 

is mainly expressed in the liver.  Foramidase catalyzes the next step of the 

pathway to produce the metabolite L-kynurenine, a branching point and 

central player in the pathway (Opitz et al., 2011).  These two upstream 

enzymes are expressed at low levels in the brain compared to peripheral 

organs, accounting for the fact that only 40% of L-kynurenine is produced in 

the CNS while the other 60% is generated in the periphery and transported 

across the blood brain barrier (BBB)(Gál and Sherman, 1978).  Kynurenine 

can then be metabolized through three distinct pathways by kynurenine 

aminotransferase (KAT), kynurenine 3-monooxygenase (KMO), and 

kynureninase producing kynurenic acid (KA), 3-hydroxy-L-kynurenine (3-HK), 

or anthranillic acid, respectively.  These metabolites are then further 

processed through subsequent steps of the pathway to Quinolinic acid (QUIN), 

the precursor of NAD+ and NADP+ synthesis (Braidy et al., 2011). The 

metabolites of this pathway are collectively called kynurenines. Although most 

of them display neuroactive properties, QUIN, 3-hydroxy-L-kynurenine and 

kynurenic acid have key roles in several diseases of the CNS (Gál and 

Sherman, 1978; Leklem, 1971; Stone and Darlington, 2002). 
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Bioactive kynurenines in the CNS. 

Many of the kynurenines are bioactive, but two in particular have 

distinct neuroactive properties and play a role in several diseases of the CNS 

(Campesan et al., 2011). QUIN and 3-HK are neurotoxic.  QUIN acts as an 

agonist of the NMDA receptor, and may also stimulate glutamate release at 

the synapse, inhibit uptake of glutamate, as well as lead to peroxidation of lipid 

molecules.  The cumulative effects on synaptic glutamate levels and activation 

of glutamatergic (NMDA) receptors acts to enhance excitotoxicity, potentially 

explaining the worsening impact of QUIN in several neurodegenerative 

disease, which may be partially due to excitotoxicity (Kohler et al., 1988; 

Vezzani et al., 1986).  While 3-HK has not been shown to have a direct 

function on specific receptors or at synaptic sites in the brain, it does seem to 

have toxic effects in the CNS, mainly attributed to the production of free 

radicals through autoxidation of its metabolite 3-hydroxyanthranillic acid 

(Campesan et al., 2011).   

As opposed to 3-HK and QUIN, another pathway intermediate, KA, has 

been shown to have neuroprotective properties, acting as a neuromodulator of 

synaptic activity.  KA has potent anti-glutamatergic properties; it acts as an 

endogenous glutamate receptor antagonist, both at NMDA and AMPA 

receptors (Medana et al., 2003; Stanley et al., 1997).  KA also has presynaptic 

effects on glutamate activity, inhibiting α7 nicotinic acetylcholine receptors at 

glutamatergic axon terminals.  This inhibition occurs at physiologically relevant 
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concentrations, while the direct effects on postsynaptic receptors requires 

relatively concentrations (Stone and Darlington, 2002).  The general effect on 

glutamate signaling suggests that the neuroprotective properties of KA are 

due to prevention of glutamate-mediated excitotoxicity in pathologic states.  

Interestingly, much of the metabolism of kynurenine pathway 

intermediates occurs in the periphery: kynurenine, tryptophan and 3-HK 

readily crosses the blood brain barrier to be further metabolized in the CNS 

(Gál and Sherman, 1978; Rodgers et al., 2009).  There relatively equal 

amounts of 3-HK and KYNA are produced, although in different cell types in 

the nervous system.  3-HK is produced primarily in microglia, while KYNA is 

produced mainly in astrocytes thus segregating these major pathway 

metabolites.  KYNA and QUIN do not readily cross the blood brain barrier and 

must be produced locally (Gál and Sherman, 1978; Zwilling et al., 2011).  

Additionally, brain levels of kynurenines are fundamentally tied to peripheral 

levels of pathway metabolites.  Because of the relatively low levels of IDO and 

TDO in the brain under physiological conditions, the peripheral conversion of 

tryptophan to kynurenine and 3-HK and resulting entry into the brain play a 

large role in determining the levels of these bioactive molecules in the CNS 

(Guillemin et al., 2007).  Kynurenine pathway flux thus become a major 

regulator of periphery to brain communication. 

 

Kynurenine pathway in C. elegans 
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The kynurenine pathway in C. elegans has not been well characterized.  

Two mutants, flu-1 and flu-2, were identified in a screen for reduced 

autofluorescence and correspond to kynurenine-3-hydroxylase and 

kynureninase respectively (Siddiqui and Babu, 1980).  Additional mutants in 

the pathway have been identified from EMS screens and they include kmo-1 

(RO7B7.5), afmd-1, and haao-1.  Recently, the pathway was interrogated for 

appropriate changes in downstream metabolites when each of these genes 

were mutated (van der Goot et al., 2012).  As expected, flux through the 

kynurenine pathway was halted downstream of each of these enzymes by 

GC/MS when each mutant was analyzed.  In this same study tdo-2 was 

analyzed for its effects on protein aggregation toxicity.  tdo-2 had been 

isolated in a screen for suppressors of alpha-synuclein toxicity by motility.  It 

robustly rescued the poor motility seen in these aggregative model strains.  It 

also extended lifespan, but interestingly, the authors suggest that its 

mechanism of action is not through the effects of downstream metabolites, but 

through increased tryptophan levels (van der Goot et al., 2012).  This is 

counter to results in neurodegenerative models in flies and mice, which 

showed protection by blocking production of 3-HK and QUIN build-up in the 

CNS (Campesan et al., 2011; Zwilling et al., 2011). 

 

Kynurenine pathway and mitochondrial metabolism 
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The major mode of modulation in these studies has been through 

inhibition of kynurenine 3-monooxygenase (KMO), an enzyme localized to the 

inner membrane of the mitochondria (Alberati-Giani et al., 1997; CIBA 

Foundation Symposium, 2009; Giorgini et al., 2005).  The effects of altering 

expression or activity of this enzyme on mitochondrial biology are as yet 

unidentified, making this pathway an intriguing target for studies of UPRmt 

signaling in C. elegans.  The reason for KMO’s localization to the outer 

mitochondrial is still unclear.  NAD+ is the final product of the kynurenine 

pathway and is a required cofactor for several mitochondrial processes 

including ATP production and maintenance of the mitochondrial membrane.  It 

has been suggested that NAD+ levels are limiting for proper mitochondrial 

function and that the biosynthesis and transport of NAD+ has clear effect on 

these mitochondrial processes (Grad et al., 2007).  The localization of KMO to 

the mitochondria may play a role in sensing the need and supply of NAD+. 

 

Kynurenine pathway in disease 

The kynurenine pathway and its regulation has been implicated in 

numerous human disease mainly grouped into cancer and relevant 

immune/inflammatory responses and neurodegenerative disease (Gulaj et al., 

2010; Rodgers et al., 2009).  In mammals, the rate-limiting enzyme TDO (or 

IDO) are induced by several different stimuli including horomones, stress and 

immune activation which ultimately leads to enhanced breakdown of 
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tryptophan (Pilotte et al., 2012).   Additionally, enzymatically active TDO is 

expressed in a large number of human tumors.  A recent study found that 

inhibiting TDO can reverse tumoral immune resistance; mice fed an inhibitor to 

TDO were able to reject TOD-expressing tumors (Pilotte et al., 2012).   

Abnormal kynurenine pathway metabolism has been highly implicated 

in patients with Alzheimer’s (AD) and Huntington’s (HD) disease (Gulaj et al., 

2010). The realization of its role in the brain came from observations of the 

effects of QUIN in the CNS.  Elevated levels of QUIN mirror features of not 

only Huntington’s, but temporal lobe epilepsy as well, presumably due to its 

excitoxic properties (Stone and Darlington, 2002).  The link between altered 

kynurenine pathway activity and Huntington’s was further strengthened by 

genetic screen ins yeast showing loss of KMO suppressed toxicity of mutant 

huntingtin ((Giorgini et al., 2005) and the observation that the pathway is 

activated in Huntington’s disease.  Most surprising, however, was the finding 

that modulating this pathway pharmacologically only in the blood of mice was 

able to confer neuronal protection cell non-autonomously in mouse models of 

AD and HD.  The major mode of modulation in these studies has been through 

inhibition of kynurenine 3-monooxygenase, an enzyme localized to the inner 

membrane of the mitochondria(Zwilling et al., 2011).  The effects of altering 

expression or activity of this enzyme on mitochondrial biology are as yet 

unidentified, making this pathway an intriguing target for our studies in C. 

elegans.   
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Results 

Blocking the kynurenine pathway suppresses distal UPRmt 

To determine the involvement of the kynurenine pathway in the 

mitochondrial stress response feeding RNAi was used to knockdown of 

tryptophan 2,3-dioxygenase (tdo-2), the worm homolog of the initial enzyme 

and putative rate-limiting step of the kynurenine pathway.  RNAi knockdown of 

tdo-2 was able to suppress induction of the hsp-6p::GFP response to neuronal 

polyQ (Fig 3.1B). Knocking down tdo-2 also had a dramatic effect on worm 

size indicating altered metabolism and development (Fig 3.1B).  The 

kynurenine pathway involves a defined sequence of catabolic steps to 

breakdown tryptophan to NAD+ (Figure 3.1A).  We tested the involvement of 

another pathway intermediate, kmo-1, in mediating the mitochondrial 

response, but did not find suppression when we knocked levels down by RNAi 

(Figure 3.1C).  Since we hypothesize that knockdown of kmo-1 or other 

upstream metabolites would reduce the accumulation of 3-HK and QUIN, 

neurotoxic metabolites in the pathway, it does not seem that lower levels of 

these toxic molecules is responsible for the suppression.  To test this further, 

we asked whether the effects on suppression of the UPRmt were due to 

downstream metabolites, as has been suggested from previous studies in 

neurodegenerative models.  However, adding back kynurenine, a downstream 

metabolite in the pathway, at 0.5mM, 2mM, 5mM or 10mM did not rescue the 
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induction of hsp-6p::GFP or the size of the animals (Fig 3.2A).  This is 

consistent with results seen in an alpha-synuclein C. elegans model and 

potentially indicates that accumulating tryptophan or changes in the levels of 

serotonin, rather than the levels of downstream metabolites in the pathway 

mediate the effect on mitochondrial chaperone induction (van der Goot et al., 

2012).    

If involved in the UPRmt pathway, kynurenine metabolites might act in 

the cell autonomous induction of the UPRmt or rather than acting specifically to 

mediate the cell non-autonomous response to polyQ.  To test involvement in 

the autonomous response, animals were fed cco-1 (complex IV subunit) RNAi, 

which dramatically induced the hsp-6 reporter.  This induction was partially 

blocked in some animals, but not in others with double feeding of cco-1 and 

tdo-2 RNAi, indicating that the kynurenine pathway may play some role in the 

intestinal upregulation of the UPRmt as well as in mediating cell extrinsic 

signaling  (Fig. 3.3A).  Additionally, the reduced efficiency of diluted RNAi for 

mitochondrial genes may have an effect in the robustness of the response 

(Rea et al., 2007). 

 The effects of blocking the pathway on levels of the reporter could be 

due to upstream impact on the neuronal toxicity of the polyQ, as has been 

implicated in other studies, or the kynurenine pathway is involved in mediating 

the signal to distal tissues.  A metabolite that protects from polyQ toxicity might 

also reduce levels of the reporter, whether the reporter is a marker of stress or 
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a protective mechanism actively initiated.  To test this the rgef-

1p::Q40::YFP;hsp-6p::GFP strain was fed daf-2 RNAi.  daf-2 is not involved in 

the signaling of the UPRmt and so should not block the signaling component. It 

does, however, ameliorate the toxicity of aggregative proteins (Cohen et al., 

2009; Hsu, 2003).  Knockdown of daf-2 should therefore improve the polyQ 

toxicity, and, if this is the mechanism for kynurenine pathway suppression, 

block the reporter.  daf-2 RNAi did not suppress activation of the reporter (Fig 

3.3), indicating that either daf-2 knockdown was not efficient enough in the 

neurons, or that ameliorating toxicity of the polyQ is not sufficient to suppress 

the UPRmt response. 

 

The kynurenine pathway regulates multiple stress responses 

Analysis of the various stress reporters indicating either cytoplasmic 

HSR activation (hsp-16.2p::GFP) or UPRER (hsp-4p::GFP) activation were also 

analyzed for effects of altering kynurenine pathway flux on their induction.  

RNAi mediated knockdown of tdo-2 and downstream enzymes suppressed the 

hsp-4 (UPRER) response to tunicamycin and the hsp-16.2 response to heat 

stress indicating that the pathway may be a general regulator of stress 

responses, not specific to the mitochondrial stress response.  Additionally, 

mutants for various enzymes in the pathway (kynurenine monooxygenase and 

kynureninase) were resistant to various stresses (data not shown, 

communication via Paul Muchowski). 
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Blocking the pathway extends lifespan through IIS signaling 

Since genetic treatments that induce the UPRER, such as cco-1 RNAi, 

also extend the lifespan of C. elegans, the effects of knocking down the 

pathway on longevity were also examined.  It was predicted that RNAi to tdo-2 

would shorten or have no effect on lifespan since it suppresses hsp-6p::GFP 

induction.  However, surprisingly tdo-2 knockdown resulted in a significant 

extension of lifespan.  This lifespan extension was also seen by the Nollen 

group (van der Goot et al., 2012).  In order to determine whether tdo-2 acts in 

the mitochondrial longevity pathway, worms were fed RNAi for tdo-2 and cco-

1.  Further extension of lifespan was seen when both cco-1 and tdo-2 were 

knocked down, suggesting that they are in separable pathways for longevity.  

(Figure 3.4A).  To further test the kynurenine pathway in mitochondrial 

longevity animals were fed double RNAi to tdo-2 and ubl-5, since ubl-5 is a 

suppressor of cco-1 induced longevity. Also ubl-5 was not able to suppress the 

long lifespan of tdo-2, further supporting its independence from the 

mitochondrial longevity pathway (Fig 3.4B).   

Because the kynurenine pathway seems to play a role in diverse stress 

conditions, such as heat stress and tunicamycin resistance, the role of insulin 

signaling in tdo-2 mediated longevity was examined. Worms were fed double 

RNAi of tdo-2 and daf-16 to examine the role of insulin signaling in the stress 

phenotype seen.  daf-16 RNAi was able to partially suppress the long tdo-1 
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lifespan, suggesting a role for reduced insulin signaling and its downstream 

transcriptional targets in mediating the lifespan and potentially the stress 

resistance associated with reduced flux through the kynurenine pathway (Fig 

3.4C).   

 

Discussion 

These results indicate that the kynurenine pathway mediates the cell 

non-autonomous induction of the UPRmt to proteotoxic stress.  Blocking the 

pathway by reducing levels of the rate-limiting enzyme in the pathway, tdo-2, 

can extend lifespan and confer stress resistance.  This lifespan extension was 

not involved in mitochondrial mediated longevity pathways, but was partially 

dependent on daf-16.   It is likely that the widespread effect on stress 

resistance and stress response levels is due to a convergence with insulin 

signaling pathways. Additionally, it will be important to confirm that reduction of 

flux throughout the pathway does not alter translation rates, as this might also 

reduce expression of stress reporters.  Downstream metabolites of the 

pathway could act as UPRmt signaling candidates if levels or actions of the 

metabolites are modulated by neuronal stress, in this case by the presence of 

toxic polyglutamine repeats.  KMO-1 may act as a sensor of disturbed 

metabolite levels, and due to its position in the mitochondrial membrane, is 

able to induce a mitochondrial specific stress response.   
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Future directions 

Confirming changes in metabolite levels and characterizing tissue 

specific expression and activity of both TDO-2 and KMO-1 will be important for 

confirming the role of this pathway.  It is possible that the metabolic sequence 

of events varies between species and that differences in regulation on the 

various intermediates are not conserved.  These variations can be determined 

using mass spectroscopy (GC/MS).   Selective inhibitors to TDO-2 and KMO-1 

or the use of mutant strains, will confirm induction of stress responses. 

Metabolites can also be measured in animals expressing neuronal polyQ to 

determine whether basal activity of the pathway is affected under proteotoxic 

stress.  To examine role of pathway metabolites in mediating cell not 

autonomous inter-tissue communication, the expression patterns of TDO-2 

and KMO-1 should be characterized in order to determine whether they act 

directly in the neurons and intestine, or whether the effects seen in these 

tissues are mediated by pathway metabolites.  

 It is unclear whether the effects on mitochondrial stress are due to 

protection from polyglutamine toxicity in the neurons, or if the pathway plays a 

direct role in signaling between the neurons and other tissues.  These results 

do not confirm whether this is due to a direct effect on protein misfolding 

toxicity and amelioration of protein aggregation or whether changes in levels 

of metabolites throughout the pathway has bioactive effects.  It is also 

essential in this model of signaling to consider the effects on aggregation and 
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proteotoxicity, which may be separable from effects on mitochondria and the 

general health of the animal.  To test this an inhibitor to TDO-2 in a neuronal 

specific cco-1 hairpin can be used, which induces the hsp-6::GFP reporter 

(Durieux et al., 2011).  If the induction of the mtUPR is suppressed, tdo-1 and 

the kynurenine pathway may play a direct signaling role and the effects are 

due to actions other than protection from proteotoxicity.  One could also test 

for levels of aggregation or smaller intermediate species of polyglutamine after 

treatment with tdo-2 RNAi to determine effects on polyQ aggregation state.   

 While these results and those of the Nollen lab suggest that it is not the 

downstream metabolites responsible for mediating the effects on the mtUPR, 

or on proteotoxicity in their case, a more thorough investigation into the 

coordinate changes in metabolite levels when enzymes in the pathway are 

knocked down or deleted is required.  It is possible that there exist levels of 

regulation to compensate for changes at any point along the pathway.  This 

type of regulation has been suggested in mammalian systems and may be 

likely in C. elegans, in which case adding back metabolites might not provide 

the expected result. 

  

Materials and Methods 

C. elegans maintenance and transgenic lines 

AM101 (rmIs101 [rgef-1p::Q40::YFP]) were a generous gift from Rick 

Morimoto (Brignull et al., 2006). SJ4100 (zcIs13 [hsp-6p::GFP]), CL2070 (dvIs 
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[hsp-16.2::GFP]), SJ4005 (zcIs  [hsp-4p::GFP]), and N2 strains were obtained 

from the Caenorhabditis Genetics Center.  Nematodes were handled using 

standard methods (Brenner, 1974). 

 

Imaging and Analysis 

For microscopy experiments worms were anesthetized using 0.1mg/ml 

levamisole hydrochloride in M9 which pilot experiments confirmed has no 

effect on reporter expression alone.  Unless otherwise noted, all animals were 

day 2 adult hermaphrodites, and experiments were performed in duplicate with 

10-20 animals imaged per experiment.  Worms were grown on HT115 when 

RNAi was needed.  For RNAi experiments, worms were grown from hatch on 

plates that had been seeded with HT115 bacteria expressing the indicated 

RNAi construct.  IPTG induction was carried out on plates seeded 24 hours 

beforehand.  For double RNAi experiments, cultures of each RNAi were grown 

to log phase, diluted with LB media to equal bacterial O.D., and mixed at a 

50:50 volume ratio before being seeded on plates. 

For whole animal imaging, worms were imaged using a Leica MZ 16F 

dissecting scope with a 1x objective, 8x magnification.  All images were taken 

using a fixed exposure and gain to just below saturation for the intestinal 

fluorescence. To quantify GFP fluorescence, intestinal regions were outlined 

and quantified using ImageJ software. All measurements were expressed 

relative to background levels in empty vector control.   
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Pharmacologic treatment 

Kynurenine hydrochloride powder (Sigma) at concentrations of 0.5 mM, 

5mM and 10mM dissolved in water were added to NGM plates seeded with 

HT115 bacteria 5 hours after RNAi induction IPTG spotted onto plates.  Plates 

were allowed to equilibrate overnight and used the next day. Synchronized L4-

stage animals were plated on vehicle or 5-HT-treated plates, and imaging of 

hsp-6p::GFP reporter induction was measured at day 1 and day 2.  For day 2 

measurements, worms were transferred to fresh kynurenine plates. 

 

Lifespan analysis  

Lifespan assays were conducted on agar plates at 20ºC as described 

previously (Dillin et al., 2002a). Experimental groups contained 90 to100 

animals, and all RNAi bacterial feeding was conducted from hatch unless 

otherwise noted, with RNAi for L4440 (EV), cco-1, ubl-5, and daf-16 obtained 

from the commercially available C. elegans ORF-RNAi Library.  RNAi bacterial 

feeding was performed on bacterial lawns that had grown for 24 hours prior to 

IPTG induction.  For double RNAi experiments, cultures of each RNAi were 

grown to log phase, diluted with LB media to equal bacterial O.D., and mixed 

at a 50:50 volume ratio before being seeded on plates. 

The data presented in the accompanying figures are from one of the 2 

biological replicates performed for every group, and are representative of the 



88 
 

 
 

data obtained from all replicates.  JMP 8 software was employed for statistical 

analysis to determine means and percentiles.  All p values were calculated 

using log-rank analysis.   
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Chapter III Figure 1.  The kynurenine pathway regulates cell non-autonomous hsp-6 
induction.  A) TDO-2 catalyzes the first and rate-limiting step of tryptophan degradation.  The 
pathway proceeds through a series of intermediates producing bioactive metabolites such as 
kynurenic acid (KA), 3-hydroxykynurenine (3-HK) and quinolinic acid (QUIN), to ultimately 
produce NAD+.  B) Feeding RNAi for tdo-2 suppressed intestinal induction of hsp-6p::GFP in 
the neuronal Q40::YFP strain.  The animals were also smaller and had a clear phenotype.  
Feeding RNAi to kmo-1, a downstream intermediate, however, did not have an effect on 
intestinal GFP fluorescence.  C) Intestine specific GFP fluorescence was quantified from 
images of the polyQ strains. The intestine was outlined in the bright field image, overlaid on 
the fluorescence image, and pixel intensity analyzed by ImageJ.  Fluorescence is expressed 
relative to empty vector control  n=10 for one experiment, but hsp-6p::GFP expression was 
lower in the animals treated with tdo-2 RNAi. 
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Chapter III Figure 2.  Kynurenine treatment does not rescue hsp-6p::GFP induction in 
the intestine. A)  Neuronal Q40::YFP expressing animals show suppression of intestinal hsp-
6p reporter on tdo-2 RNAi.  Kynurenine, a downstream metabolite in the pathway, was applied 
to plates seeded with tdo-2 RNAi at concentrations of 0.5mM and 10mM dissolved in water.  
L4 Q40::YFP; hsp-6p::GFP worms were moved to plates at L4 stage and assessed rescue of 
intestinal hsp-6 expression by GFP fluorescent imaging.  Neither of the concentrations was 
sufficient to fully rescue intestinal GFP. 
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Chapter III Figure 3.  hsp-6 induction is not suppressed by double RNAi for cco-1 and 
tdo-2 or affected by knockdown of daf-2.  A)  rgef-1p::Q40::YFP expressing strains were 
grown on either empty vector (control), cco-1/ev, cco-1/tdo-2, tdo-2/ev, daf-2/tdo-2, or daf-2/ev 
where HT115 bacteria expressing each dsRNA construct was mixed 1:1 with the other for 
equal knockdown. Double RNAi was administered from hatch.  cco-1 RNAi resulted in 
significant upregulation of the hsp-6 reporter and which was partially blocked by simultaneous 
tdo-2 RNAi.  Additionally daf-2 did not have any effect on UPRmt signaling. 
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Chapter III Figure 4.  RNAi to tdo-2 extends lifespan dependent upon daf-16.  A)  N2 
worms fed tdo-2 RNAi bacteria (green line) lived significantly longer than N2 worms fed EV 
bacteria, but not as long as cco-1 fed N2 animals indicated by the purple line. The red line 
indicates N2 worms grown on empty vector RNAi (mean LS 25.0 + 0.75 days, Log-rank test 
p< 0.0001).  B) Wildtype worms fed 50% tdo-2 or 50% cco-1 RNAi lived significantly longer 
than worms fed 50% EV RNAi.  Additionally, worms fed 50% tdo-2 and 50% cco-1 lifespan 
lived significantly longer than either alone (purple line, mean LS 26.74 + 0.59 days, log-rank 
test p< 0.0001), indicating they are not in the same pathway.  To further determine 
involvement of the mitochondria longevity pathway N2 worms were grown on 50% tdo-2 and 
50% ubl-5 RNAi.  However, ubl-5 RNAi did not abolish the long lifespan of the tdo-2 RNAi 
treated animals (green-blue line). C) To test the role of the IIS pathway N2 worms were grown 
on 50% tdo-2 RNAi and 50% daf-16 RNAi.  daf-16 RNAi partially suppressed the long lifespan 
of tdo-2 RNAi fed animals (green-blue line).  
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CHAPTER 4: 

Identifying novel components of the cell non-autonomous UPRmt 

pathway using genetic screens  
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Introduction 

One of the primary advantages of using C. elegans as a multicellular 

model is its usefulness as a tool for genetic screening.  Its hermaphroditic 

reproduction strategy and the ease and rapidity with which large clonal 

populations can be produced make it an ideal model for the isolation and 

identification of genetic mutants.  In 1974 Sydney Brenner published the first 

mutagenesis screen and characterization of ~100 genes in C. elegans 

(Brenner, 1974).  Since this paper, much has been done to advance the field 

of genetics and apply genetic techniques to C. elegans analysis.  C. elegans 

was the first multicellular organism in which the complete genome was 

sequenced in 1998 (C. elegans Sequencing Consortium, 1998).   With the 

discovery of RNAi also in 1998 by Andrew Fire and Craig Mello and the 

harnessing of this biological processes to create libraries of RNAi constructs to 

easily and reproducibly knockdown genes in C. elegans, the application of 

these reverse genetic techniques to forward genetic screens has become 

commonplace in C. elegans labs (Fire et al., 1998).  Now, with the advent of 

whole genome sequencing and the rapidly advancing ease with which these 

techniques can be utilized, C. elegans holds great promise for novel gene 

discovery.  

A simple F2 strain is commonly used to isolate mutants for a desired 

phenotype.  In these screens, mutagen, typically ethyl methanesulphonate 

(EMS), is applied to a population of larval stage worms to induce mutations in 
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the oocytes and sperm of hermaphrodite worms.  The second generation of 

progeny is screened for homozygous mutants.    Additionally, modifier 

screens, namely enhancer or suppressor, are another useful method to 

identify components of a genetic pathway.  C. elegans contains ~20,000 

genes (Hodgkin, 2001), fewer than 10% of which have been identified by 

mutation and it is predicted only roughly 6,000 of that 20,000 can be mutated 

to a visible, lethal or sterile phenotype due to redundancy, suggesting the 

need for new strategies and advances in large scale screening to identify 

genes with more subtle phenotypic effects. 

Traditional methods for establishing the identity of a mutant gene in C. 

elegans involve mapping with visible or selected single nucleotide 

polymorphism (SNP) markers to progressively finer genomic intervals.  This 

method is particularly useful for use in C. elegans where robust DNA 

transformation methods are lacking as opposed to fungi or bacteria where a 

recessive mutant allele can be easily complemented with a plasmid WT gene.  

Whole genome sequencing (WGS) techniques can now be applied to mapping 

and reduce time require for identification of causative mutations.  WGS 

provides the sequence information to complement mapping data (Blumenstiel 

et al., 2009; Rae et al., 2012). Recently, WGS was performed on outcrossed 

mutant progeny to combine mapping and sequencing for pinpointing the 

position of the causal mutation (Doitsidou et al., 2010; Zuryn et al., 2010). Two 

alternative methods include restriction site associated DNA polymorphism 
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(RAD) mapping to localize a mutated region to a small region of the genome 

and following with genome interval pull-down sequencing (GIPS) (O'Rourke et 

al., 2011). 

Described in the second chapter of this thesis is a C. elegans system in 

which a proteotoxic stress specifically in the neurons induces a mitochondrial 

stress response in peripheral tissues.  In developing and characterizing this 

strain, components of the mtUPR required in the peripheral tissues for 

induction of the response were identified by RNAi mediated knockdown.  

However, identifying novel components of the signaling pathway that were 

required upstream of the reception of the signal in the intestine was of 

particular interest.  It was predicted that the genes involved in the upstream 

signaling pathway would be expressed in neurons or required for neuronal 

signaling, since this was the site of initiation of the stress signal.  No 

components of the neuronal circuit involved or candidates for signaling 

molecules had yet been identified and we decided to undertake a genetic 

screen in order to isolate these pathway components.  Because the primary 

interest was in neuronally expressed genes a forward genetic suppressor 

screen was performed using EMS as a mutagen.  This strategy, as opposed to 

using RNAi knockdown, would produce mutations in genes throughout the 

organism without excluding the nervous system.  Additionally, a mutagenesis 

screen would necessarily effect genetic components of both the upstream 

neuronal signaling pathway and the receiving signaling pathway in the 



97 
 

 

intestine.  Characterization of the isolated mutants was focused on those that 

could still induce the autonomous response when given an ectopic inducer 

and thus were not deficient in the intestinal machinery for induction of the 

mtUPR.    

 

Results 

Identifying mutant suppressors for cell non-autonomous UPRmt 

In order to isolate suppressors of the cell non-autonomous induction of 

hsp-6 in response to neuronal Q40 expression, an EMS mutagenesis screen 

was conducted.  The P0 strain used expresses an rgef-1p::Q40::YFP 

transgene integrated on chromosome X as well as an hsp-6p::GFP transgene 

integrated on chromosome V.   The Q40::YFP protein is robustly expressed in 

all of the neurons while the GFP reporter is induced throughout the intestine. 

An F2 suppressor screen was performed by identifying mutants that were no 

longer able to induce the intestinal GFP in response to polyQ.  Using standard 

concentrations of EMS, a mutation was expected at any particular locus with a 

frequency of one null mutation for every 2,000 copies of the gene that is 

analyzed in the screen. 1200 F2 progeny were screened, 2,400 haploid 

genomes, to have full coverage of the genome with the mutagenesis protocol.   

From this screen, 16 mutants were isolated that no longer induced 

intestinal GFP, 8 of which were further sequenced and/or characterized (Fig 

4.1).  Seven of these eight mutants were selected because they were still 
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capable of inducing the autonomous response to ectopic induction of the 

UPRmt, and thus carried a mutation for a component of the signaling  

pathway upstream of intestinal induction. To do this the mutant strains were 

places on cco-1 RNAi, a potent inducer of the hsp-6p::GFP reporter, from 

hatch.  This strain we concluded carries a mutation in a gene required in the 

intestine for mtUPR regulation.  This strain was genotyped, as well as the 

seven others, for known components of the UPRmt pathway: dve-1, atfs-1, 

ubl-5, and clpp-1, however, none of the strains carried mutations in any of 

these previously identified genes.  This indicates that we have 1) not fully 

saturated the screen and 2) that there are additional components for 

autonomous mtUPR induction that have not yet been identified in the pathway.   

 Genetic complementation tests were conducted to determine if any of 

the strains were allelic to one another.  Upon crossing the strains, while six of 

the strains carried mutations in distinct genes, two did not complement and 

thus carried mutations in the same gene.  These two strains were similar in 

phenotype and degree of suppression.  Interestingly, the suppression 

phenotype in these strains appears unstable, as with successive generations, 

the reporter will recover its original induction.  A large number of enhancers 

were uncovered in the screen.  These were not characterized, but it may be 

worthwhile identifying those genes that induce the response ectopically and 

assessing the fitness of these strains. Those worms able to more robustly 

induce the response may have an enhance resistance to stress, particularly 
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because there seem to be numerous mechanisms for bypassing suppression 

and activating the UPRmt.  While sustained activation of stress responses is 

not selected for and enhance responsiveness may be.   

 

Characterization of mutant strains   

 
As stated previously, strains were initially characterized and grouped 

based on their ability to upregulate the autonomous UPRmt by cco-1 RNAi 

feeding and allelic strains were identified by complementation tests.  Mutants 

were also characterized by the degree of suppression and only those showing 

strong suppression were analyzed by whole genome sequencing.  Strains 

were further characterized by secondary phenotypes besides suppression of 

intestinal hsp-6p::GFP.  Three of the eight strains showed egl phenotypes, 

which are characterized by accumulation of eggs within the gonal and 

decreased egg-laying ability.  And, one strain was dumpy (dpy), or short, a 

common phenotype in unhealthy strains (Brenner, 1974).  Additionally, three 

of the strains were sterile and were therefore maintained as heterozygous 

(Table 1).   

After conducting the screen and beginning to characterize these 

mutants, serotonin was identified as a necessary component of the signaling 

pathway for cell non-autonomous UPRmt induction.  Placing the mutants within 

the pathway for serotonin signaling was of particular interest in further 

characterizing the signaling pathway.  Exogenous serotonin was applied to 
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plates containing L4 mutant strains and assessed them for rescue of the 

reporter in the intestine.  It was expected that if the mutation causing 

suppression of the reporter were upstream, induction would be rescued, 

whereas if a mutation lay downstream we would see maintained suppression.  

In one of the eight strains examined for serotonin rescue, robust induction of 

the reporter was apparent after administration of 5mM 5-HT indicating that this 

strain carries a mutation in a gene upstream of serotonin release, potentially at 

the point of sensing of mitochondrial stress in the neurons, or at synthesis, 

release, or sensing of serotonin (Fig 4.2).   

 

Mapping strains using whole genome sequencing 

Identification of causative mutations in C. elegans screens have 

involved mapping techniques in which mutant strains are crossed to marker 

mutant strains with visible phenotypes and calculating recombination rates and 

mapping distances from the representations of the various phenotypes within 

F2 progeny.  However, single nucleotide polymorphism (SNP) mapping is now 

becoming standard protocol for mapping of mutants because it provides 

greater coverage of the chromosome and requires a simple PCR reaction and 

generally a restriction enzyme digest.  Additionally, with the advances in whole 

genome sequencing and its utilization for identifying mutations and sequence 

variances, several studies have begun to combine the information obtained 

from deep sequencing with mapping strategies to map and identify mutations 
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in one step.  We followed the technique described in (Doitsidou et al., 2010), in 

which a mutant strain is crossed with the Hawaiian C. elegans strain and the 

mutant F2 progeny from the cross are assessed for their distribution of SNP 

markers (Doitsidou et al., 2010).  Each F2 animal is a recombinant in which 

the Hawaiian genetic information has recombined with the wild-type, Bristol 

chromosomes.  The F3 and F4 progeny are then pooled from homozygous 

mutant populations.  In regions unlinked to the mutation the SNP loci will 

represent Hawaiian or Bristol nucleotides in a roughly 50/50 ratio in the 

sequence output pileup produced by the genome sequencer (MAQGene) 

(Bigelow et al., 2009).  Those areas linked to the mutation will be comprised 

mainly of Bristol SNPs.  Using whole genome sequencing we can therefore 

analyze all SNP variants between the mapping and wild-type strain and thus 

have full coverage of the chromosome, rather than the limited view provided 

by selecting a few specific SNPs for PCR-based mapping.   

The strongest four mutant strains were crossed to a mapping strain also 

expressing rgef-1p::Q40::YFP and hsp-6p::GFP in the Hawaiian background in 

order to be able to follow both transgenes in the progeny which are required 

for screening.  This is a major caveat to the screen and the mapping 

procedure in that the transgenes are integrated in two places in the genome 

and were only crossed into the Hawaiian strain twice, leaving large portions of 

the chromosome surrounding the sites of integration primarily wild-type and 

thus excluding these portions from our analysis.  50-60 F2 mutant progeny 
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were selected from this cross for each mutant strain, allowed to grow on large 

plates and the subsequent generations collected for genomic DNA extraction.  

We chose to analyze ~50 F2 recombinants based on the suggested number 

selected to provide adequate mapping resolution in the previous study.  The 

genomic DNA was sequenced at a depth of ~19X coverage on an Illumina 

HiSeq2000 sequencing platform using single end, and approximately 38M 

nucleotide reads.  We utilized the MAQGene opensource analysis software to 

produce alignments as well as an additional output file with the sequence 

pileup of Hawaiian/Bristol polymorphic positions and the frequencies of each 

strain SNP at those positions.  Additionally, since multiple strains were 

sequenced we were able to subtract common background point mutations 

between the strains, thereby removing mutations found in the original P0 strain 

that are unrelated to the mutagenesis.  Graphs showing the distribution of 

SNPs along the length of each of the six chromosomes indicate regions where 

a loss of recombination occurs.  Representative graphs for one of the mutants 

are shown (Fig 4.3).   We expected that a loss of Hawaiian SNPs in any 

particular area would indicate the presence of the mutation, with large regions 

also being void of these SNPs in the areas where the transgenes are 

integrated on chromosomes V and X.    

The data obtained from the distribution of Hawaiian to Bristol SNP 

ratios was inconclusive for mapping the region carrying the mutation.   We 

then proceeded with SNP mapping by PCR and restriction digest analysis, 
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One mutant carrying a dumpy mutation was mapped to the X chromosome 

based on PCR and our breeding scheme, and this was reflected in the WGS 

SNP data obtained from our sequencing results.  For this mutant, 

homozygotes were more likely to be identified because of the linked dpy 

mutation and this may therefore have resulted in better resolution around the 

mutation (Fig 4.4A).   The genes carrying protein-changing mutations in this 

region were identified by the WGS data. 

 

Discussion 
Seven mutants were isolated and characterized from a genetic 

suppressor screen that showed reduced intestinal UPRmt which normally 

responds to polyglutamine proteotoxicity in the nervous system, but that were 

still capable of inducing a cell autonomous response.  Strains were identified 

that are deficient in the signaling of cell non-autonomous mitochondrial stress, 

a pathway for which none of the neuroendocrine mechanisms had previously 

been identified.  We additionally were able to place the genes mutated in 

these strains either upstream or downstream of serotonin signaling in the 

pathway.   

A recently described strategy for one-step whole genome sequencing 

and mapping of these mutant strains was attempted.  The data generated 

were insufficient to fully map the area of the mutation to the interval previously 

reported (<5Mb).  In most cases we were unable to even identify the 
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chromosome bearing the mutation.  This occurred for various reasons; the 

graphs showing the distribution of the SNP ratios provided a clear picture of 

the extent of loss of sequencing information around the area of the transgene.  

In the case of chromosome V, for all mutants sequenced, there was a loss of 

~10Mb and the entire right arm of chromosome X where the polyQ transgene 

is integrated.   Therefore any mutation occurring in these regions will be lost in 

terms of mapping potential.   Additionally, due to the difficulty in maintaining 

suppression of the reporter in the intestine, isolating purely homozygous 

populations was difficult and it is likely that a large percentage of the F2’s were 

not, in fact, homozygous for the mutation.   

 

Future Directions 

This information will inform further mapping attempts.   Further 

outcrossing of the mapping strain to the Hawaiian strain will enrich Hawaiian 

SNPs around the area of the transgene, which is necessary for resolution in 

the area of a mutation on a transgene-bearing chromosome.   Utilizing strains 

that do not require multiple transgenes will always allow for better mapping.  

This could also be aided by utilizing strains in which transgenic strains are 

produced using single copy integration techniques like the Single Copy Gene 

Insertion at MosI (MosSCI) system.  Following a control transgene for effects 

on translation is also useful; this can be monitored by expression of the polyQ 

as this serves a two-fold purpose. Besides assessing translation, 
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distinguishing mutants that suppress the reporter due to deficient signaling 

and those that reduce expression or toxicity of the polyQ and thus reduce cell 

non-autonomous signaling will be useful.   

Better mapping data will also be obtained by more careful isolation of 

homozygous mutants strains and selecting larger populations of F2 worms.   

While detrimental to mapping and maintaining mutant populations, the 

difficulty in maintaining homozygous populations of the suppressor strains and 

recovery of the intestinal GFP fluorescence may provide useful information 

about the required responsiveness and/or level of regulation on the reporter.  

These are stress responses, designed to respond robustly, sensitively and 

quickly to stimuli, and to be turned off when no longer needed.  And, if they 

are, indeed, performing a useful function for the organism they can be induced 

by other means if some component of the signaling pathway is suppressed.   

 

Materials and Methods 

C. elegans maintenance and transgenic lines 

AM101 (rmIs101 [rgef-1p::Q40::YFP]) were a generous gift from Rick 

Morimoto (Brignull et al., 2006). SJ4100 (zcIs13 [hsp-6p::GFP]), CB4856 and 

N2 strains were obtained from the Caenorhabditis Genetics Center.  

Nematodes were handled using standard methods (Brenner, 1974). 

 

Imaging and Analysis 
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As stated previously, for microscopy experiments worms were 

anesthetized using 0.1mg/ml levamisole hydrochloride in M9 which pilot 

experiments confirmed has no effect on reporter expression alone.   Unless 

otherwise noted, all animals were Day 2 adult hermaphrodites. For whole 

animal imaging, worms were imaged using a Leica MZ16F dissecting scope 

with a 1x objective, 8x magnification.  All images were taken on a Leica 

DFC350 FX camera using a fixed exposure and gain to below saturation for 

the intestinal fluorescence.   To quantify GFP fluorescence, intestinal regions 

were outlined and quantified using ImageJ software.  

 

Genetic Screen 

 450 L4 hermaphrodites were incubated in Ethyl-methyl sulfonate (EMS) 

at 1:5 dilution in M9 buffer.  Worms washed in M9 were added to EMS and 

incubated for 2 hours.  Worms were washed with with M9 and allowed to 

recover for 1 hour at 20 degrees.  F1 larvae were picked to 250 plates at 5 

worms per plate in order to screen 2500 genomes.  These were allowed to 

egg lay for 4 hours and the F1’s were removed.  F2’s were screened for 

suppression of hsp-6p::GFP in the intestine and suppressors were singled to 

fresh plates.  These were screened further for homozygotes for recessive 

mutations.  Mutant strains were backcrossed to the parental strain carrying the 

reporter and polyQ transgenes at least one time.  To screen for cell 

autonomous UPRmt capacity, L1 larvae from mutant strains were placed on 
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plates seeded with HT115 bacteria expressing the cco-1 dsRNA clone and 

scored them at day 1 of adulthood for robust induction of the reporter.  

Complementation tests were performed by crossing males of one mutant to 

hermaphrodites of another and assessing the F1 progeny for rescue of the 

reporter induction in the intestine.  Mapping of Mutant#450 was performed by 

crossing males of CB4856 to hermaphrodites and isolating 20 reporter 

suppressed mutants in the F2 generation.  Genomic DNA was collected and 

SNPs on chromosome I revealed 15/22 animals were homozygous for Bristol 

SNP’s at -15.62 mu.  17 of 20 were Bristol homozygous for a SNP at -12mu, 

however, they were not mapped further. 

 

Pharmacologic treatment 

5-HT hydrochloride powder (Sigma) was dissolved in 0.1 M HCl to a 

concentration of 0.1 M and added to NGM plates seeded with OP50 at a 

concentration of 5 mM.  Plates were allowed to equilibrate overnight and used 

the next day. For vehicle-treated controls, 0.1 M HCl was added to plates to a 

final concentration of 5 mM. Synchronized L4-stage animals were plated on 

vehicle- or 5-HT-treated plates, and imaging of hsp-6p::GFP reporter induction 

was measured at day 1 and day 2.   

 

Mapping crosses and DNA preparation 
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 Mutant strains were outcrossed once with male Hawaiian CB486 

animals that had been outcrossed twice with the parental strain so that it 

carried the polyQ and reporter transgene.  We singled F1 progeny and from 

the F2 progeny pick 45 to 50 animals with the suppression phenotype.  These 

animals were allowed to self fertilize for two generations and the progeny from 

the 50 animals were pooled making sure to gather similar numbers of animals 

from each F2 plate (Doitsidou et al., 2010).  These populations were lysed with 

proteinaseK digestion and genomic DNA extracted using the Qiagen DNeasy 

kit.  These samples were sent to Beijing Genomics Institute for WGS on their 

Illumina HiSeq platform using single 90 nucleotide reads. 

 

Data Analysis with MAQGene 

 We ran MAQGene using the parameters previously described (Bigelow 

et al., 2009) and set further error parameters and variant calling criteria to 

those described in (Doitsidou et al., 2010).  We also modified MAQGene 

similarly to produce a pileup of Hawaiian (HA) reads, Bristol Reads and 

sequencing depth for all annotated SNP loci as described.  The output file was 

opened in Microsoft Excel which was then used to calculate the ratio of HA 

reads to the total at each loci.  We then filtered the data for protein changing 

variants and subtracted exactly common mutations present in multiple mutants 

indicating a mutation present in the parental strain.   
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Chapter IV Figure 1.  A mutagenesis screen for regulators of the cell non-autonomous 
UPRmt signal.  A)  An outline for the F2 screen that was conducted.  450 P0 worms as imaged 
on the right with robust intestinal expression of hsp-6p::GFP were exposed to EMS.  The 
2,400 haploid genomes were screened, and from this, homozygous F2 ‘s were isolated at day 
2 of adulthood and those showing a loss of GFP fluorescence in the intestine (as indicated in 
the right-bottom panel) were cloned and characterized. 
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Chapter IV Table 1.  Characterization of eight mutants isolated from suppressor screen. 
 

 
 
 
 
  

Number Viability Suppression Phenotype 

Induction 
with cco-1 
RNAi Serotonin rescue Complementation Mapping location

1 (450) m/m High Yes No
17/20 N2 SNPs at -
12cM CHR I

2 (391) m/m High Yes No

3 (174) m/m High Yes No
15/20 N2 SNPs at             
-10.46cM CHR X

4 (145) m/m Medium Yes Yes allelic to 179

5 (179) m/m Medium Yes Yes allelic to 145

6 (180) m/- Low No No

7 (374) m/- Low Yes No

8 (413) m/- High Yes No
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Chapter IV Figure 2.  Serotonin acts downstream of one of the mutants identified in the 
screen.  A) All eight mutants were treated with 5mM serotonin as described earlier.  L4 
animals were added to plates with serotonin and allowed to reach adulthood before imaging.  
Serotonin did not rescue the response in the intestine of seven of the eight mutants and thus 
may be acting upstream of most of the mutations.  One mutant, however, showed rescue of 
the hsp-6p reporter induction with 5-HT treatment as shown by GFP fluorescence in the 
posterior intestine.  This strain may carry a mutation lying upstream of serotonin.   
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Chapter IV Figure 3.  Graphical representation of WGS SNP data for one mutant.  A) The 
WGS SNP data is shown for mutant #1 for all chromosomes, from 45-50 recombinant animals.  
The positions of the Hawaiian SNPs are depicted as a scatter plot for each chromosome, with 
the ratio of Hawaiian/total number of reads for each SNP depicted.  The red line indicates 
areas where transgenes are integrated on either CHR V or CHR X. Note the absence of SNP 
reads in these areas.  No filtering criteria were used for generating the graphs and thus SNP 
ratios of 0.1 to 0.8 are plotted. 
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Chapter IV Figure 4.  WGS SNP data showed loss of SNP markers on the left arm of 
CHR X for one mutant.  PCR based SNP mapping data had localized the mutation for mutant 
#3 to the left arm of CHR X (15/20 recombinants showed Bristol SNPs at -10.46cM or 3.3Mb).  
This mutant had initially been tested for linkage to the X chromosome by crossing them with 
wild-type males and examining a potential mutant phenotype in hemizygous, male F1 cross-
progeny. The phenotype was observed in the F1 male progeny, and this was due to X-linkage 
rather than dominance.  Graphs plotting the ratio of Hawaiian/total number of reads for each 
SNP along the length of the chromosome reveal the loss of Hawaiian SNPs in this area, 
indicated by a red line in the bottom panel. This is separate from the loss of SNPs seen in the 
region of the transgene, indicted by a red line in the above panel.  This mutation was also 
linked to a dpy mutation, which can be found in this region. 
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Discussion 
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The work presented in this dissertation describes a pathway by which  

proteotoxic stress is initiated and sensed in the nervous system and is 

propagated throughout the organism to orchestrate a mitochondrial stress 

response in other tissues.  A C. elegans model of proteotoxic stress, 

specifically a model of polyglutamine repeat dysfunction, was used to assess 

varying degrees of aggregation toxicity in the nervous system.  These strains 

could then be crossed to a variety of transcriptional reporters for cellular stress 

responses allowing us to interrogate the temporal and spatial regulation of 

chaperone mediated stress response pathways in response to proteotoxicity.   

To our surprise, reporters for the mitochondrial unfolded protein 

response were specifically induced by a soluble, intermediate length polyQ in 

the nervous system and this upregulation was not limited to neurons, but 

extended to distal tissues.  This system was then used not only to confirm the 

UPRmt pathway components required for autonomous intestinal induction, but 

more importantly, identify the neural circuitry and novel metabolic signaling 

pathways involved.  This leaves us with an analysis of the requirements for 

initiation of this pathway, and a discussion of the role of serotonin and the 

kynurenine pathway both specifically in UPRmt signaling and in general 

systemic control of stress responses.   Finally, the physiological significance of 

this cell non-autonomous pathway and the relevance to human diseases of 

proteotoxicity are discussed.   
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Induction of a cellular stress response by a proteotoxic stress 

 While several other studies have looked at the implication of neural 

signaling on mediating protein homeostasis in peripheral tissues (Garcia et al., 

2007; Prahlad and Morimoto, 2011), ours examines the role of proteotoxicity 

as the driver of stress response signaling.  Additionally, we report for the first 

time the response of the UPRmt to the expression of polyglutamine within the 

cell.  It is unclear whether the induction of the UPRmt either in the neurons or 

cell non-autonomously is due to the presence of a toxic protein within the cell 

or is secondary to its accumulation at the mitochondrial membrane.  Because 

the initiation of the stress is specific to polyQ localized to the mitochondrial 

membrane it is possible that the neural sensory mechanism is a response to 

the mitochondria rather than the presence of a misfolded protein.  

While the signal does potentially require localization and direct 

perturbation of the mitochondria, we know that polyQ also accumulates and 

aggregates in the cytoplasm and the nucleus.  However, whatever direct 

effects these aggregates might have on cytoplasmic stress response elements 

or transcriptional regulators, they were not sufficient to induce the 

corresponding stress reporters in other tissues.  While the UPRER is also 

regulated systemically, it requires constitutive activation of an essential 

effector molecule in the neurons for activation of the distal response (Taylor 

and Dillin, 2013).  It will be interesting to determine whether localization of a 

misfolded protein chronically in the ER would also stimulate the systemic 
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signaling pathways.  While mtHSP70/HSP-6 has been implicated in a few 

studies of disease associated proteotoxicity, particularly in Parkinson’s models 

(Angeline et al., 2012; Goswami et al., 2012), upregulation of a defined 

mitochondrial stress response pathway has not been reported.  The fact that a 

generalized stressor specifically upregulates a distal mitochondrial response 

indicates a peculiar sensitivity of the mitochondria for cross-tissue 

communication.   

 

Neuroendocrine and metabolite signals in systemic UPRmt regulation 

 We describe the involvement of two signaling mechanisms in mediating 

the cell non-autonomous activation of the UPRmt.  Serotonin signaling and the 

kynurenine pathway directly impact one another given their role in tryptophan 

metabolism.  We were thus interested in the interplay between these two 

pathways in mediating both the response to aggregation and the regulation of 

stress responses.  Both systems have been implicated in degenerative 

diseases and in the adaptive response to stress whether environmental in the 

case of serotonin or cellular in terms of the kynurenine pathway metabolic 

action. 

 

Kynurenine signaling in the UPRmt 

The kynurenine pathway is a breakdown pathway of tryptophan with is 

converted to serotonin or used for protein synthesis. tdo-2 RNAi, and thus 
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blockade of the kynurenine pathway, also suppressed induction of hsp-6 in the 

intestine, a manipulation that should, if this were an adaptive response, cause 

increased toxicity.  However, tdo-2 extends lifespan in wild type worms and 

this lifespan extension is IIS/daf-16 dependent. We would predict that 

suppressing tdo-2 in the polyQ system would also extend lifespan through 

engagement of the insulin signaling pathway, which may outweigh the effects 

of reduced UPRmt.   Serotonin can induce the UPRmt under stress conditions 

and may increase flux through the kynurenine pathway if it is in abundance 

and unneeded. However, if the downstream metabolites are causative in the 

induction of the distal UPRmt, then we would expect tph-1 mutants to show an 

induction of the response as we would expect a much-enhanced flux through 

the pathway if the utilization of tryptophan for serotonin synthesis is blocked.  

However, we were not able to rescue with kynurenine, indicating that 

tryptophan might be the causative agent, which would coincide with previous 

findings (van der Goot et al., 2012).  How tryptophan might be sensing and 

inducing the response is unclear.  It seems more likely given reported effects 

on proteotoxicity in various models, the depedence on insulin signaling and 

the involvement in various stress responses, that blocking the tdo-2 pathway 

simply improves proteostasis and the pathway members are not specific to the 

mitochondrial stress response.  

 

Serotonin signaling in the UPRmt 
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Serotonin is an alternative candidate, identified as a regulator of the 

systemic UPRmt pathway.  Serotonin regulates food-related physiology in 

many vertebrate and invertebrate phyla (Tecott 2007). Importantly, serotonin is 

not only involved in aversive behaviors, but plays a role in feeding and fat 

metabolism as well.  It was recently described that serotonin regulates energy 

balance and fat stores in peripheral tissues through an entirely separate circuit 

from feeding. daf-2 mutants were still responsive to 5-HT induced fat reduction 

and daf-16 mutants did not alter 5-HT’s fat reducing effects, indicating 

independence of insulin signaling for certain 5-HT responsive metabolic 

pathways, interestingly those that require mitochondrial β-oxidation genes 

(Srinivasan et al., 2008).  

While 5-HT has been shown to be an ancient regulator of energy 

balance, it has also been well established as the major neuromodulator in the 

perception of stress or outside threats such as temperature, poisonous foods, 

or predators (Tecott, 2007).  While complicated in its circuitry and overall 

effects, it seems to play both repressive as well as enhancing roles in the 

fitness and longevity responses of an organism. It would be intuitive that the 

same molecule and circuits that perceive threats sends a cue to other neurons 

and distal tissues to coordinate the adaptive cellular responses.  In 

mammalian systems, data suggests a biological link between stress 

perception and the serotonin pathway. Additionally, in vertebrates, serotonin 

released by the intestinal enterochromaffin cells regulates energy homeostasis 
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through peripheral mechanisms (Yadav et al., 2009). The complex interplay of 

receptors activated and sometimes antagonistic responses of the various 

cellular pathways responsive to serotonin indicate the need for a finely 

localized and highly regulated system that integrates many signals.   

The intermediate signaling molecule that ultimately acts in distal tissues 

may be a metabolite, a neuropeptide, or may proceed through reactive oxygen 

species, which are increasingly being identified as important signaling 

molecules rather than solely harmful agents (Hekimi et al., 2011; Van 

Raamsdonk and Hekimi, 2009).  Serotonin activates signaling cascades which 

are further modulated by octopamine and neuropeptides (Harris et al., 2009; 

Mills et al., 2012).  As described, octopamine administration in the unc-31 

background did not recover the mtUPR induction in the intestine to polyQ, but 

the interaction with serotonergic signaling was not examined. It is possible that 

the signal is mediated through miRNA release and processing in distal tissues.  

However, RNAi to Dicer/dcr-1, the RNase III enzyme required for miRNA 

processing, did not suppress induction of the intestinal response (data not 

shown).  While this suggests miRNA signaling is not required in the intestine 

or non-neuronal tissues, it does not rule it out as a signal in the nervous 

system for UPRmt propagation.   We have described a neuronal signaling 

pathway that is specific for the upregulation of mitochondrial stress response - 

how this same signaling mechanism directly communicates to distal tissues is 

yet to be determined. 
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Implication for Human Disease 

While C. elegans models of neurodegenerative disease do not 

completely recapitulate the disease process seen in mammals, it provides an 

excellent model for the discovery of novel genetic and pharmacologic 

modulators, not only of the aggregative process itself, but the broader cellular 

and organismal response to aggregation.  As we have indicated with our 

mutagenesis screen and our assessment of the kynurenine metabolic 

pathway, C. elegans can be used to interrogate novel signaling pathways in 

high throughput and efficient ways.  Determining the conservation and 

potential utility of these pathways as therapeutics or means of understanding 

disease processes is an exciting possibility.   

Intriguingly, serotonergic and neuroendocrine signaling is disrupted in 

Huntington’s disease patients and mammalian models and there is evidence 

that levels of these neuromodulators change throughout the course of the 

disease (Mattson et al., 2004; Walker and Raymond, 2004). Huntington’s 

patients exhibit high rates of depression and are often treated with Selective 

Serotonin Reuptake Inhibitors (SSRIs).  A decline in the expression of 5HT2A 

receptors has also been reported.  One study in a mouse model of 

Huntington’s found an amelioration of the peripheral metabolic effects of the 

disease pathology when mice were treated with SSRI’s (Duan et al., 2004). 

Identifying other areas of the brain and other neuromodulators such as 
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serotonin that may be slightly altered but have a significant impact on neuronal 

as well as peripheral physiology will be important in future therapeutic 

indications for polyglutamine diseases.   

Results from patients and animal models of disease are inconsistent in 

terms of the degree and directionality of changes in neural signaling, however 

this might reflect variation in regions of the brain assessed as well as the 

timing of analysis (Mochel et al., 2011; Pang et al., 2008; Renoir et al., 2011). 

Early, presymptomatic stages of the disease might be most useful in terms not 

only of therapeutic benefit, but also in analyzing the potential stress response 

mechanisms invoked.  Once widespread pathology has occurred, the nervous 

system might no longer be capable of utilizing such systems, or the rest of the 

organism no longer responds due to age or dysfunction.     

 

Summary 

Work from single celled organisms reveals highly regulated processes 

for coordinating the needs of protein folding with both intrinsic and extrinsic 

environmental cues (Morimoto et al., 1997).  The responses are highly 

adaptive, responding to dynamic changes in conditions. As these responses 

evolved to maintain the proteome of multicellular organisms, the 

environmental conditions may have changed to include signals from the 

surrounding cellular environment and a potential requirement to provide not 

only the specialized needs of its own tissue type but prepare and respond to 
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cues about the larger environmental context of the organism.  These cues it 

seems are provided by only certain cell types that directly receive information 

about the environment.   

The described work in this dissertation confirms the important effects of 

extrinsic signaling pathways on regulating cellular function.  These studies 

highlight the importance of considering cellular function and dysfunction within 

the context of the rest of the organism. Most cells within the multicellular 

organism are isolated from the environment and thus rely on the nervous 

system and other tissues that come directly into contact with nutrients, 

pathogens, temperature, and chemical stress to provide information about 

their greater surroundings.  We propose that those same cell types that inform 

the rest of the organism about changes in the environment can use common 

neuronal and endocrine signaling pathways to integrate information about the 

overall metabolic and proteome state of various tissues, thus setting the 

adaptive capacity for organismal stress responses.  And, with advancing age 

and degenerative disease, these signaling systems may become impaired, 

potentially contributing to further organismal decline.  Understanding the 

signaling mechanisms in place to respond and coordinate systemic stress 

responses in healthy organisms may prove useful in protecting against the 

systemic and multifactorial diseases of aging. 
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