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Regulation of mitochondrial autophagy by huntingtin 

Julia Margulis 

 

ABSTRACT 

Huntington’s disease (HD) is an inherited and incurable neurodegenerative disorder caused by an 

abnormal polyglutamine (polyQ) expansion in the huntingtin (Htt) protein. Dysregulation of 

protein quality control is a key event in HD pathogenesis. Here, we determined if mutant Htt 

(mHtt) also affects mitochondrial quality control via dysregulation of mitophagy. To monitor 

mitophagy in live neurons, we developed a sensitive and quantitative image-based technique 

utilizing automated microscopy and photoswitchable fluorescent proteins. We showed that 

neurons with diffuse mHtt exhibit mitochondrial damage and accelerated mitophagy, but neurons 

with inclusion bodies (IBs) do not. To unravel cause-and-effect relationships between mHtt, 

mitophagy and neurodegeneration, we collected longitudinal single cell measures of each 

variable and integrated these data into a Bayesian statistical model. From this model, we learned 

that diffuse mHtt is associated with increased mitophagy and neurodegeneration. Moreover, the 

total load of mHtt is a more important determinant of mitochondrial clearance than the presence 

of an IB. Finally, increased mitochondrial clearance is associated with reduced survival of 

neurons expressing mHtt. Thus, we uncovered a surprising relationship between mHtt 

expression, mitophagy, and neurodegeneration that has implications for the use of mitophagy 

pathways as therapeutic targets in HD. 
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1.1 HUNTINGTON’S DISEASE 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that is 

uniformly fatal, affecting five to seven in 100,000 people (1). HD most often presents in the 

fourth or fifth decade of life, though onset has been documented from ages 1 to 80 years (2, 3). 

The classic symptoms of HD include progressive motor dysfunction, psychiatric disturbances, 

and gradual dementia. Chorea is one of the most frequent symptoms and is most characteristic of 

the disease; however, the severity of chorea often correlates poorly with disease severity and 

progression (4). Age of disease onset may relate to the rate of disease progression, with disease 

progressing more quickly in juvenile onset HD (5). 

 

The clinical progression of HD is paralleled by selective degeneration of the striatum, in 

particular the loss of striatal medium spiny neurons (MSNs) that express enkephalin and γ-

aminobutyric acid (GABA) (6). The medial paraventricular region and tail of the caudate along 

with the dorsal putamen are the first brain regions to show significant atrophy (7). As the disease 

progresses, degeneration and significant volume loss also occurs in the cortex and later the 

globus pallidus and thalamus (7, 8). 

 

HD is caused by an expanded CAG repeat stretch in the huntingtin (Htt) gene. The CAG repeats 

translate into a homomeric polyglutamine (polyQ) stretch in the first exon of the Htt protein. 

Generally, 35 polyQ repeats or less are considered normal, whereas a Q length of greater than 35 

almost invariably leads to disease. The number of polyQ repeats is inversely correlated with the 

age of onset of disease (9). PolyQ length explains more than seventy percent of the variation in 

the age of disease onset (10-13) and can be used to accurately predict disease incidence (14). 
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1.2 INCLUSION BODY FORMATION IN HUNTINGTON’S DISEASE 

PolyQ expansion leads to altered Htt protein structure and aggregation of mutant Htt (mHtt) into 

inclusion bodies (IBs) (15). In HD brains, IBs are contained within the nucleus and, more 

commonly, the neuropil of striatal and cerebral cortical neurons. Other subcortical structures, 

such as the globus pallidus and the thalamus, exhibit fewer IBs (16-18). The appearance of IBs 

correlates with the onset of behavioral deficits in HD mouse models and human patients (19).  

 

The mechanism of IB formation in HD is unclear, but the length of the polyQ repeat region 

correlates with the number of IBs in diseased brains (7, 20). While the role IBs play in mediating 

cellular toxicity has been controversial, evidence suggests that the formation of IBs can be 

dissociated from neurodegeneration (21-23) and is a coping response to mHtt rather than a direct 

source of toxicity (24). In addition to aggregated mHtt, IBs contain ubiquitin, molecular 

chaperones, and proteasome subunits, suggesting that cells have insufficient capacity to clear 

misfolded mHtt (18, 25-27). Further evidence suggests that cells can degrade IBs even after they 

form: Yamamoto and colleagues generated an inducible HD mouse model in which they 

terminated mHtt production after IBs and behavioral deficits arose. Turning off mHtt production 

caused IBs to disappear and reversed the behavioral deficits (28). Although this study 

demonstrated that IB formation is reversible, the investigators did not determine if IBs were 

cleared all at once or dissolved gradually. Later work showed that IBs in mHtt-expressing 

neurons can disappear abruptly (24, 29), indicating that IBs can be cleared all at once. These 

findings suggest that neurons can spontaneously and rapidly metabolize IBs. 

 

1.3 AUTOPHAGY 
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IB formation represents a mismatch between the production and clearance of aggregation-prone 

protein in neurons (30). Multiple protein quality control pathways, including macroautophagy, 

have been implicated in the clearance of mHtt IBs.  

 

Macroautophagy (hereafter autophagy) is a conserved cellular pathway that degrades misfolded 

proteins, protein aggregates, and organelles. Autophagic degradation consists of three stages: 

autophagosome formation, maturation, and fusion with lysosomes (31). An isolation membrane 

forms during autophagosome formation that engulfs portions of cytoplasm containing proteins 

and organelles. Autophagosomes then fuse with lysosomes, leading to degradation of the 

autophagic cargo by lysosomal proteases (31).  

 

The autophagy pathway can be regulated via the serine/threonine kinase mTOR (mammalian 

target of rapamycin), which suppresses autophagy under nutrient-rich conditions. Inhibition of 

mTOR by starvation leads to increased autophagy (32). Autophagy can also be regulated 

independently of mTOR; beclin-1 and calcium levels have both been implicated in autophagy 

regulation (33, 34). 

 

1.5 AUTOPHAGY IN HUNTINGTON’S DISEASE 

Autophagy has been implicated in the pathogenesis of neurodegenerative diseases including 

Alzheimer’s disease, (AD) Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) 

(35, 36). Autophagosome accumulation caused by impaired clearance of autophagosomes has 

been observed in AD (37), while defects in mitochondrial autophagy and general autophagy 
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deregulation have been observed in PD (38, 39). In ALS, both impaired autophagosome 

trafficking and increased autophagy have been observed (40, 41). These neurodegenerative 

diseases have both genetic and sporadic forms, and multiple toxic proteins have been implicated 

in their pathogenic mechanisms; thus, it is unsurprising that multiple conflicting reports of 

autophagy phenotypes in these diseases exist. HD, on the other hand, is a genetic disease caused 

by one protein, huntingtin; however, the exact changes in the autophagy pathway that exist in 

HD are yet to be established. Various lines of evidence from a number of different model 

systems implicate autophagy dysregulation as a contributor to or mitigating factor in HD (42).  

 

Initial evidence has pointed to increased autophagy in the context of HD. For example, increased 

numbers of autophagosomes and increased autophagic flux have been observed in HD brains and 

cells (43-45). A potential mechanism for this activation may be the sequestration and inactivation 

of mTOR by mHtt (46). Conversely, autophagosomes in mHtt-expressing cells were observed to 

be empty of cargo, implying a cargo loading defect and insufficient autophagy in HD (45). Thus, 

although mHtt-expressing neurons seem to exhibit increased autophagosome production, 

autophagic cargo in these cells is incompletely degraded. Mutant Htt has also been shown to 

affect autophagosome motility and the fusion process between autophagosomes and lysosomes 

(47). In addition, deletion of the polyQ stretch in wild-type Htt has been associated with 

increased autophagy induction (48). 

 

Autophagy protein and gene expression levels have also been shown to be altered in HD. 

Expression of autophagy genes such as LC3A, ULK2, and LAMP2 are altered in the caudate 

nucleus of HD patients (49). Changes in levels of genes encoding vacuolar proton channel 
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complex subunits, which are involved in autophagy (43, 46), were also found in human HD 

brains (50).  In addition, levels of Omi/HtrA2, a chaperone and protease known to regulate 

autophagy (51), are reduced in striatal neurons by mHtt expression (52). However, other studies 

found no difference in autophagy flux rates, autophagy gene levels, or autophagy protein levels 

in the context of HD (53). 

 

Other evidence suggests that Htt itself can regulate autophagy, and that a loss of Htt function 

results in insufficient autophagy. In addition to its effects on autophagosome dynamics (47), Htt 

has been shown to contain an autophagy-inducing domain that is regulated by myristoylation 

(54). Other studies have posited that Htt may have evolved from yeast autophagy proteins, as 

certain domains of Htt exhibit high homology with yeast Atg23, Atg11, and Vac8 (55). These 

proteins are involved in selective vacuolar targeting, implicating Htt in the regulation of selective 

autophagy. Indeed, in mammalian cells, Htt may have a role as a scaffold for selective autophagy 

(56, 57).  Overall, the effect of mHtt on autophagy is controversial, and the downstream effects 

of Htt-mediated autophagy modulation on neuronal health are unclear. 

 

1.4 MITOCHONDRIAL AUTOPHAGY 

Although autophagy was initially identified as a bulk clearance mechanism activated during 

starvation, selective forms of autophagy exist as well. In particular, autophagy can specifically 

degrade damaged or dysfunctional mitochondria through a process called mitochondrial 

autophagy, or mitophagy. As mitochondria are essential in regulating cellular energy 

homeostasis and cell death, the removal of damaged mitochondria via mitophagy is critical to 

maintaining normal cellular function. In addition to the induction of general autophagy, 
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mitophagy requires an additional step involving priming of damaged mitochondria for 

recognition and degradation (58). 

 

The molecules involved in carrying out mitophagy have primarily been studied in yeast. In 

addition to the cellular machinery involved in general autophagy, the mitochondrial outer 

membrane protein autophagy-related gene 32 (ATG32) acts as an “autophagy receptor” that 

recruits autophagic machinery to damaged mitochondria for their selective degradation (59). No 

mammalian homologue has been identified for ATG32; in fact, mammalian mitophagy differs 

significantly from yeast mitophagy both in terms of initiating drivers as well as molecular 

machinery involved (58). 

 

The major initiating drivers of mitophagy in mammalian cells include mitochondrial 

permeability transition and depolarization, mitochondrial fragmentation, and cellular ATP 

depletion (58). A number of proteins have been identified as players in mammalian mitophagy, 

including ULK1, Ambra1, Smurf1, Nix/Bnip3, optineurin, NDP52, and PINK1/Parkin (38, 60-

64). PINK1 and Parkin are of particular interest, as mutations in these genes have been found to 

be associated with familial forms of Parkinson’s disease (65). However, many of these pathways 

remain validated only in immortalized cell lines. It is likely that mitophagy in neuronal cells is 

induced and regulated differently than in non-neuronal cells due to the unique bioenergetic 

requirements inherent to neurons (66-68). 

 

1.6 MITOCHONDRIAL DYSFUNCTION IN HUNTINGTON’S DISEASE 
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Neurons are particularly sensitive to mitochondrial dysfunction due to their increased reliance on 

oxidative phosphorylation compared to other cell types (66). Neurons also exhibit an extremely 

polarized morphology, necessitating the delivery of mitochondria to synapses far from the cell 

body in order to meet the high energetic requirements of synaptic transmission (69). In addition, 

as neurons are postmitotic, mitochondrial quality control mechanisms are critical, as cells cannot 

simply divide to eliminate damaged and dysfunctional mitochondria (70). Many proteins 

implicated in neurodegenerative disease have been shown to induce mitochondrial dysfunction, 

providing a potential explanation for the neurological phenotypes present in these diseases (71). 

 

Mitochondrial dysfunction is a well-established feature of HD. Defects in mitochondrial 

trafficking, morphology, Ca2+ handling, and ATP production have been demonstrated in HD 

models as well as HD patient brains (72-75). Mitochondrial biogenesis is also reduced in the 

presence of mHtt, potentially due to mHtt-mediated transcriptional suppression of PGC-1α (76). 

Insufficient mitochondrial ATP production and depolarization can induce a compensatory 

mitophagy response meant to clear dysfunctional organelles (77). In addition, fragmented 

mitochondria, such as those observed in the presence of mHtt, tend to be more defective and are 

more readily degraded via mitophagy (78, 79). Thus, mHtt-expressing neurons would be 

expected to upregulate mitophagy in response to the mitochondrial dysfunction caused by mHtt. 

However, the few studies that have directly addressed this question showed reduced mitophagy 

(45, 47, 80, 81). Other studies have shown defects in selective autophagy, including mitophagy, 

due to a purported role for Htt as a scaffold for protein complexes involved in selective 

autophagy (56, 57). Although mitophagy has been implicated as a driver of neurotoxicity in a 
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number of neurodegenerative disease, including HD (82), it is still unclear how alterations in 

mitophagy are related to neuronal longevity. 

 

1.7 CHALLENGES IN STUDYING MITOPHAGY IN NEURODEGENERATIVE 

DISEASE 

A major obstacle to the study of mitophagy in HD has been the absence of a robust assay to 

measure mitochondrial clearance in neurons. Existing assays that rely on co-localization of 

autophagic markers with mitochondria, or quantification of autophagosomes containing 

mitochondria via electron microscopy, are snapshots of a dynamic process and do not capture the 

rate of mitochondrial clearance (83). Rates of flux inferred from such snapshot measures have 

serious confounds – an increase in autophagosome number does not necessarily indicate 

increased autophagic flux, for example (84). In addition, these assays have been generally 

performed in non-neuronal cells, which likely regulate mitophagy differently than neurons do. 

Indeed, neurons have been shown to be much more dependent on oxidative phosphorylation and 

therefore on mitochondrial function than immortalized or dividing cells, which have a 

comparatively larger capacity to generate ATP from glycolysis (66). As neurons are the primary 

cell type affected in HD and other neurodegenerative diseases, it is critical that a study of 

mitophagy in HD be performed in the relevant cell type.  

 

In addition to measuring mitophagy in the relevant cell type, performing the measurement in 

individual cells is also critical. Cells vary widely in their level of mHtt expression and 

localization, which can affect mitophagy rates and be missed in a population-based measure (85). 

In addition, increasing evidence points to cell-specific differences in mitochondrial function and 
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turnover that could explain the differential susceptibilities of cell populations in HD and other 

neurodegenerative diseases, such as Parkinson’s disease (86-88). Thus, an assay that can detect 

individual differences in mitochondrial clearance is key to understanding the role of cell-to-cell 

variability in pathogenesis. 

 

1.8 AIMS OF THIS STUDY 

The relationship between mHtt expression, IB formation, mitochondrial quality control via 

mitophagy, and neurodegeneration has been difficult to address. In particular, the effect of mHtt 

expression on mitophagy, and whether this change is relevant to neuronal survival in HD models, 

has been challenging to determine using standard snapshot measures of mitophagy and neuronal 

survival. These conventional approaches have yielded contradictory results because they lack the 

sensitivity to measure mitochondrial turnover on a single cell basis and cannot gather enough 

longitudinal data to relate these turnover measures to cellular fate. 

 

In Chapter 2, we developed a novel assay capable of measuring mitophagy in single neurons. 

The output of this assay is a mitochondrial half-life per neuron, allowing us to make observations 

regarding the variability of mitochondrial half-life across neuronal populations, and the 

responsiveness of this half-life to various pharmacological and genetic manipulations.  

 

In Chapter 3, we used this technique to uncover previously unknown relationships between Htt 

expression, IB formation, mitochondrial clearance, and neuronal survival. Neurons with mHtt 

IBs had slower rates of mitochondrial clearance than neurons expressing diffuse mHtt. However, 

we found that the load of mHtt was a stronger determinant of mitochondrial clearance rates than 
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the formation of the IB itself. In addition, we found that mitochondrial clearance was a negative 

predictor of neuronal survival in the context of wild-type and mutant Htt, and a positive predictor 

of neuronal survival in neurons expressing GFP alone. These data implicate mitochondrial 

clearance pathways as a therapeutic target in HD and other neurodegenerative diseases. 
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2.1 SELECTION OF A PHOTOSWITCHABLE FLUORESCENT PROTEIN 

Given the critical importance of mitochondrial function to HD and the substantial limitations of 

existing assays of mitochondrial turnover, we set out to develop a new assay that could measure 

mitochondrial turnover dynamically over time in primary neurons at a single cell level. We 

utilized a technique known as optical pulse labeling (OPL), which uses photoconvertible 

proteins, such as EOS2 or Dendra2, that irreversibly switch their spectral properties when 

exposed to short-wavelength light. We have previously developed OPL-based assays to measure 

clearance of LC3, Htt, and TDP43 in individual neurons, which have allowed us to make novel 

observations regarding cell-to-cell differences in clearance capacity and link these measures to 

cell fate (85, 89). Unlike canonical metabolic pulse chase-based measures of protein degradation, 

OPL assays are not confounded by cell death during the chase period or aggregation of the target 

protein (89).  

 

We first considered the choice of photoswitchable protein to use for the development of this 

assay. The expression levels and photoswitching efficiencies of various tagged and untagged 

versions of Dendra2 and EOS2, the two most well-characterized green-to-red photoswitchable 

proteins (90, 91), were measured (Figure 2.1). Although EOS2 expression was low overall, its 

photoconversion efficiency was the highest of all proteins tested (Fig 2.1b). Thus, EOS2 was 

selected as the photoswitchable protein to be used in this assay. 
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In order to measure mitophagy, we targeted EOS2 to mitochondria using a canonical 25 a.a. 

targeting sequence from cytochrome oxidase subunit VIII (92) (mitoEOS2) and expressed the 

construct in rat primary cortical neurons. Approximately 24 hours post-transfection, neurons 

were photoconverted with a 4-second pulse of 405-nm light and longitudinally imaged using 

robotic microscopy (RM), which is capable of returning to the same cell repeatedly over time 

(93). This photoswitching pulse is not toxic to neurons (Figure 2.2 and Table 2.1). In addition, 

the level of mitoEOS2 plasmid transfected was titrated such that the expression of mitoEOS2 

alone was not toxic to the neurons (Figure 2.2 and Table 2.1). 
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Table 2.1 Cox proportional hazards analysis of the effect of mitoEOS2 expression and photoswitching on 
neuronal survival 

Covariate Hazard ratio p-value 

0.05 1.022 n.s. 

0.05 PS 0.972 n.s. 

0.1 0.965 n.s. 

0.2 1.414 ** 

0.2 PS 1.358 ** 

0.4 1.447 ** 

0.4 PS 1.262 * 

mitoEOS2 expression 0.999 *** 

 
Table 2.1 Cox proportional hazards analysis of the effect of mitoEOS2 expression and 
photoswitching on neuronal survival. A Cox proportional hazards analysis was performed to 
compare neuronal survival across groups of neurons expressing different levels of mitoEOS2. 
All hazard ratios are in comparison to 0.1 PS. According to this analysis, expression of 
mitoEOS2 at 0.05 µg or 0.1 µg per well does not affect neuronal toxicity. Photoswitching 
neurons expressing mitoEOS2 at either of these DNA levels also does not affect neuronal 
toxicity. However, expression of 0.2 µg or 0.4 µg of mitoEOS2 DNA per well does increase 
neuronal toxicity. The effect on hazard of mitoEOS2 expression across all conditions (mitoEOS2 
expression covariate) is negative and significant, indicating that mitoEOS2 expression is actually 
associated with reduced neuronal toxicity. PS: photoswitched. 
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Single-cell red fluorescence intensities for each cell were normalized to the red fluorescence 

immediately after photoconversion and a mitochondrial half-life was calculated for each 

individual cell using the standard half-life equation.  

 

2.2 VALIDATION OF THE OPTICAL-PULSE LABELING APPROACH 

A highly desirable feature of any reporter system is that the biology being reported is not 

significantly affected by the reporter itself. To test whether mitoEOS2 affected the biology we 

sought to measure, we investigated whether the rate of mitochondrial turnover was affected by 

the levels of mitoEOS2 at a single cell level. (Fig 2.3b). Initial red intensity is a good proxy for 

total construct expression, as initial red intensity is highly correlated with initial green EOS2 

intensity (Fig. 2.3a). We found no correlation between initial red intensity and half-life, 

indicating that the expression level of mitoEOS2 does not affect the half-life measurement (Fig. 

2.3b). 
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As mitochondria are dynamic organelles, and undergo constant fission and fusion, we sought to 

ensure that mitochondrial fission and fusion dynamics did not quench or artificially amplify the 

red fluorescence signal that we used as a measure of mitochondrial clearance. In order to 

determine the effect of mitochondrial fission and fusion on red mitoEOS2 fluorescence, we 

measured this fluorescence in mitochondria that were undergoing fission and fusion or staying 

stable. As individual neuronal mitochondria can be difficult to distinguish from one another due 

to the high density of mitochondria in the cell body, we used HeLa cells, which have a much 

more defined mitochondrial reticulum. HeLa cells were transfected with mito-GFP and imaged 
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Figure 2.3 Additional characterization of a novel assay for mitochondrial autophagy in live neurons. (a) 
Correlation of initial (T

0
) red mitoEOS2 intensity (the intensity of red mitoEOS2 at the first imaging timepoint) with 

T
0
 green mitoEOS2 intensity and mitoEOS2 plasmid expression level. T

0
 red mitoEOS2 intensity and T

0
 green 

mitoEOS2 intensity are highly correlated. R2=0.812, p<0.0001. (b) Relationship between mitochondrial half-life 
and T

0
 red mitoEOS2 intensity. No relationship was observed. R2=0.002, p=0.28. (c) Effect of Atg7 shRNA on 

Atg7 mRNA levels. Infection of primary neurons with Atg7 shRNA-expressing lentivirus results in a 75% reduction 
in Atg7 mRNA levels as measured by qRT-PCR. Complementary DNA (cDNA) levels were normalized to levels of 
actin cDNA (Actb) in each sample. (d) Distribution of mitochondrial half-lives across a population of wild-type 
neurons. The mean is approximately 100 hours and can vary by as much as 2 orders of magnitude. (e) Decay 
profiles of cells with short and long mitochondrial half-lives. Cells with both short and long half-lives display linear 
decay profiles, indicating that the variation in half-life at a single cell level reflects real differences in mitochondrial 
clearance rates. Means across conditions were compared using Student’s t-test. ***, p<0.001 
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continuously for ~2 min at 3 sec intervals. Portions of the image containing individual 

mitochondria that underwent fission, fusion, or stayed stable were background subtracted, and 

the intensity of the mitochondria in the image was measured over the imaging period (Fig. 2.4). 

We did not observe any large changes in fluorescence during mitochondrial fission or fusion 

(Fig. 2.4d,f). Thus, mitochondrial fission and fusion dynamics do not artificially affect 

mitoEOS2 fluorescence in ways that could affect the mitochondrial half-life measurement. 

However, we did not assay the effect of mitochondrial transport into and out of the cell body, 

and cannot definitely rule out the possibility that mitochondrial transport dynamics affect the 

half-life measurement. 
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Mitochondria have multiple compartments, including the matrix, the intermembrane space, and 

the outer membrane. Outer membrane proteins and proteins destined for the intermembrane 

space can be degraded both by autophagy (when the entire organelle is degraded) as well as the 

cytoplasmic ubiquitin proteasome system (UPS), while matrix proteins are primarily degraded 

via mitophagy (94). We targeted the EOS2 probe to the matrix such that its clearance would be 

most directly related to mitophagy. However, we wanted to ensure that our choice of specific 

matrix targeting sequence did not affect the mitochondrial clearance measurement. In order to 
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test this, we made an additional EOS2 construct using the matrix targeting sequence from 

Neurospora F0 ATPase subunit 9 (Sub9EOS2) (95). We then assayed expression, toxicity, and 

mitochondrial clearance measured with the two matrix targeting sequences (Fig. 2.5). MitoEOS2 

was expressed at 0.1 µg per well, while Sub9EOS2 was expressed at 3 different levels: 0.1 µg, 

0.2 µg, and 0.4 µg. Initial red intensity after photoswitching (T0 red intensity) was slightly 

elevated in all the Sub9EOS2 conditions; however, only Sub9EOS2 expressed at 0.4 µg was 

statistically significantly higher than mitoEOS2 (Fig. 2.5a). The mitochondrial half-life measured 

using mitoEOS2 and Sub9EOS2 was the same across all conditions (Fig 2.5b). Finally, survival 

across all populations of neurons expressing Sub9EOS2 was significantly improved compared to 

neurons expressing mitoEOS2 (Fig 2.5c). Thus, using a different matrix targeting sequence did 

not significantly affect the half-life measurement using the mitophagy assay we developed. 
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2.3 PHARMACOLOGICAL AND GENETIC MODULATION OF MITOCHONDRIAL 

HALF-LIFE 

We next wanted to determine whether the change in red fluorescence provides a reliable measure 

of mitochondrial clearance. We used several tools that promote or retard mitochondrial 

clearance. To induce mitochondrial clearance, rat primary cortical neurons co-expressing 

mitoEOS2 and EGFP were treated with 1 µM carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) for 4 hours and mitochondrial half-life was 

measured as described above. FCCP causes mitochondrial depolarization, which leads to 

increased mitochondrial elimination via mitophagy (61). Using the mitoEOS2 OPL assay, we 

measured a significantly reduced mean mitochondrial half-life after FCCP treatment (Fig 2.6b, 

left). As these experiments are conducted in primary cultures, large effects in subpopulations 

might be responsible for the FCCP effect on mitochondrial clearance that we observed. 

Fortunately, the OPL method generates half-life measurements from individual cells. Thus, we 

can plot the distribution of single cell half-lives and compare the effects of FCCP treatment on 

that distribution. Indeed, FCCP treatment shifted the distribution to the left, towards shorter half-

lives (Fig. 2.6b, right). These data indicate that the mitoEOS2 OPL assay reliably detects 

increased mitochondrial clearance. 

 

We next sought to test whether the clearance was mitophagy-dependent by treating cells with 

autophagy and mitophagy inhibitors. MitoEOS2-expressing neurons were treated with 5 or 10 

mM 3-methyladenine (3-MA) for 42−48 hours. 3-MA inhibits autophagy by inhibiting 

autophagosome synthesis, and autophagosomes engulf mitochondria during mitophagy. Both 5 

and 10 mM 3-MA increased mean mitochondrial half-life in a dose-dependent manner (Fig. 2.6c, 
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left) and shifted the distribution of half-lives to the right (Fig. 2.6c, right), supporting the idea 

that the assay measures mitochondrial clearance via mitophagy specifically. 

 

As pharmacological manipulations often have off-target effects, we sought to validate the 

mitoEOS2 assay by genetic modulation. Atg7 (autophagy-related protein 7) is required to 

lipidate LC3 and for the progression of autophagy (96). To test whether knockdown of Atg7 

affected mitochondrial half-life measured with the OPL assay, neurons were co-transfected with 

shRNA against Atg7 or non-targeting shRNA and mitoEOS2. Atg7 shRNA knocked down 

endogenous Atg7 levels by ~75% (Fig. 2.3c). Atg7 knockdown increased mean mitochondrial 

half-life (Fig. 2.6d, left) and shifted the half-life distribution to the right (Fig. 2.6d, right).  
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In addition to genetic manipulations of autophagy, we sought to manipulate mitophagy 

genetically in order to demonstrate that our assay can detect mitophagy induced by a variety of 

stimuli. The best-established pathway known to regulate mitophagy in mammalian cells is the 

PINK1-Parkin pathway (38), where Parkin-mediated phosphorylation of PINK1 targets 

mitochondria for degradation. In order to determine whether the assay could detect changes in 

mitophagy due to modulation of the PINK1-Parkin pathway, we cultured neurons from Parkin 

KO and Parkin WT rats and measured mitophagy as described above. We found that mean 
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Figure 2.6 Characterization of a novel assay for mitochondrial autophagy in live neurons. (a) Expression of 
mitoEOS2 in primary cortical neurons. Primary neurons co-transfected with mitoEOS2 and EGFP were 
photoswitched and tracked over time using longitudinal RM. The top row of images represents the EGFP signal 
while the bottom row represents the photoswitched red mitoEOS2 signal. Scale bar, 10 μm. (b) Effect of FCCP on 
mitoEOS2 clearance. Treatment of primary neurons with 1 μM FCCP, an uncoupler, shortens mitochondrial 
half-life. The left panel shows mean half-lives and the right panel shows density plots of the same data. Hash 
marks below the curves represent half-life values of individual neurons. FCCP treatment causes both a significant 
decrease in the mean half-life and a significant leftward shift in the distribution towards shorter half-lives. (c) Effect 
of 3-MA on mitoEOS2 clearance. Treatment of primary neurons with 5 mM or 10 mM 3-MA, an inhibitor of autopha-
gosome formation, lengthens mean mitochondrial half-life and significantly shifts the distribution of half-lives to the 
right. (d) Effect of Atg7 knockdown on mitoEOS2 clearance. Primary neurons were infected with lentivirus express-
ing a non-targeting shRNA (NTS) or an shRNA against Atg7. Atg7 shRNA expression lengthens mean mitochondri-
al half-life and significantly shifts the distribution of half-lives to the right. Means across conditions were compared 
using 1-way ANOVA with Dunnett’s correction or Student’s t-test. Distributions were compared using a Mann-Whit-
ney-Wilcoxon test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 
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mitochondrial half-life was slightly reduced (Fig. 2.7, left), and the half-life distribution was 

shifted to the left towards shorter half-lives (Fig. 2.7, right). The reduction in half-life we 

observed may be a consequence of a compensatory upregulation of mitophagy in the absence of 

Parkin.  

 

 

 

Overall, we observed that the mitoEOS2 assay reported the predicted changes in mitochondrial 

half-life in response to defined manipulations of autophagy and mitophagy. We conclude that the 

mitoEOS2 assay is a valid and sensitive way to measure the rate of mitophagic flux and provides 

an approach to measure mitophagy at a single cell level. 

 

2.4 CHARACTERIZATION OF BASAL MITOCHONDRIAL HALF-LIFE IN 

HEALTHY NEURONS 

We next wondered whether rates of mitochondrial clearance vary among healthy primary 

neurons. We previously reported that the clearance rate of specific proteins in single cells varies 
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three- to fourfold across a population of neurons, indicating that the proteostasis machinery in 

individual neurons varies substantially (85). The mean half-life measured using this assay is 

~100 hours. Surprisingly, however, mitochondrial half-life varied by as many as 2 orders of 

magnitude (10-1000 hours) (Fig. 2.3d). This unexpected diversity in mitochondrial turnover rates 

raises the intriguing possibility that substantial differences underlie the signals or machinery that 

govern mitophagy in individual neurons. 
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CHAPTER 3. 
NEURONAL MITOPHAGY IS MODULATED BY 

HUNTINGTIN EXPRESSION AND PREDICTS 
NEURODEGENERATION   
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3.1 ESTABLISHMENT OF AN HD MODEL IN WHICH TO STUDY MITOPHAGY  

We next sought to establish an HD model in which to study mitophagy and its relationship to 

mHtt expression, mitochondrial dysfunction, and neurodegeneration. We previously established 

a primary neuron model of HD involving overexpression of wild-type or mutant Httex1 tagged 

with fluorescent proteins to visualize expression levels and aggregation (24). This model 

recapitulates numerous features of human HD, including the abnormal aggregation of mHttex1 

into IBs and polyglutamine expansion-dependent neurodegeneration caused by mHtt (29). For 

this study, we established an HD model by expressing Httex1-Q25-GFP (wild-type Htt) or Httex1-

Q97-GFP (mHtt) in primary cortical neurons. Survival was measured by tracking individual 

neurons with RM. Neurons were labeled as dead upon loss of fluorescence, which we previously 

established as a marker of cell death (24). Neurons expressing Httex1-Q97-GFP survived less 

well, indicated by a higher cumulative risk of death (Fig. 3.1a), than those expressing Httex1-

Q25-GFP, consistent with our reports of polyQ expansion-mediated toxicity (24). In addition, 

mHtt frequently aggregated into IBs in neurons expressing Httex1-Q97-GFP, whereas neurons 

expressing Httex1-Q25-GFP never formed IBs (data not shown). 

 

As mHtt is associated with mitochondrial damage (72-74, 97), and mitochondrial damage 

triggers mitophagy (77), we investigated whether our HD model exhibited mitochondrial 

dysfunction. Levels of reactive oxygen species (ROS) in neurons are a key readout of 

mitochondrial dysfunction: inefficient mitochondrial respiration leads to increased ROS 

production (98). In addition, oxidative stress is implicated as a mechanism underlying multiple 

neurodegenerative diseases (99). To measure ROS levels, neurons expressing EBFP2-tagged 

Httex1-Q25 or Httex1-Q97 were treated with 5 µM CellROX Deep Red for 30 min. CellROX Deep 
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Red becomes fluorescent upon oxidation, and its fluorescence intensity increases proportionally 

to the levels of ROS in the cell. CellROX Deep Red fluorescence was significantly greater in 

neurons expressing Httex1-Q97-EBFP2 compared with Httex1-Q25-EBFP2 (Fig. 3.1b), indicating 

that mHtt induced mitochondrial dysfunction before neurodegeneration in this HD model. 

 

 

 

3.2 EVALUATION OF MITOCHONDRIAL FUNCTION IN THE HD MODEL 

In addition to ROS, we also measured a number of other readouts of mitochondrial function 

including ATP production, mitochondrial mass, and mitochondrial membrane potential. ATP 

production was measured by transfecting neurons with a FRET-based ATP sensor (AT1.03) that 

measures ATP concentration in the cell via FRET readout (100). Mitochondrial mass was 

measured by staining Httex1-expressing neurons with MitoTracker Green, and mitochondrial 

content was calculated as described in the Methods. Mitochondrial membrane potential was 

measured by staining neurons with tetramethylrhodamine methyl ester (TMRM), a dye whose 

fluorescence is high in normal mitochondria and low in depolarized mitochondria (101). All 
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neurons were transfected with Httex1-Q97 or Httex1-Q25 tagged with mCherry (for ATP 

experiment), EBFP2 (for mitochondrial mass experiment), or GFP (for TMRM experiment).  No 

difference was observed in normalized FRET (NFRET) in neurons expressing wild-type or mHtt 

(Fig. 3.2a). In addition, no difference was observed in mitochondrial mass in neurons expressing 

wild-type or mHtt (Fig. 3.2b). However, neurons expressing mHtt actually had higher TMRM 

fluorescence compared to neurons expressing wild-type Htt (Fig. 3.2c). Overall, mitochondria in 

mHtt-expressing neurons seem to be producing ATP and maintaining their membrane potential 

similarly to mitochondria in wild-type Htt-expressing neurons. Validation of the ATP and 

TMRM assays can be found in the Appendix. 

 

 

 

25Q 97Q
0.0

0.5

1.0

1.5

2.0

2.5

N
o
rm

a
liz

e
d
 F

R
E

T
 (

a
.u

.)

25Q 97Q
0

5

10

15

M
ito

ch
o

n
d

ria
l M

a
ss

 (
%

 o
f 

ce
ll 

b
o

d
y)

25Q 97Q
0

100

200

300

400

500

T
M

R
M

 In
te

n
si

ty
 (
a

.u
.)

****

Figure 3.2 Mitochondrial function assessment in neurons expressing 
wild-type and mHtt. (a) ATP levels in neurons expressing Httex1-Q25-mCherry 
or Httex1-Q97-mCherry. ATP levels were assayed using a FRET-based ATP 
sensor. No difference in normalized FRET (NFRET) was observed between cells 
expressing wild-type and mHtt. (b) Mitochondrial mass in neurons expressing 
Httex1-Q25-EBFP2 or Httex1-Q97-EBFP2. Mitochondrial mass was assayed by 
reconstructing mitochondrial volume from MitoTracker Green staining. No differ-
ence was observed in mitochondrial mass between cells expressing wild-type 
and mHtt. (c) Mitochondrial membrane potential in neurons expressing 
Httex1-Q25-GFP or Httex1-Q97-GFP. Neurons were stained with TMRM to assay 
membrane potential. Neurons expressing mHtt had increased TMRM intensity, 
and increased membrane potential, compared to neurons exressing wild-type 
Htt. Means across conditions were compared using Student’s t-test. ****, 
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In addition to mitochondrial function, we also assayed mitochondrial morphology in the presence 

of wild-type and mHtt. Fragmented mitochondria produce less ATP, are more depolarized, and 

are selectively targeted for mitophagy (78). Thus, mitochondrial morphology can also serve as a 

readout of mitochondrial function. We assayed mitochondrial morphology in two ways: by co-

transfecting a mitochondrially targeted fluorescent protein (mitoGFP) with Httex1 constructs and 

using an automated image analysis paradigm to determine mitochondrial morphology, and by 

performing electron microscopy (EM) on neurons infected with lentivirus expressing wild-type 

or mHtt and then manually determining mitochondrial morphology.  

 

For the fluorescence-based approach, primary neurons were co-transfected with mito-GFP, 

Httex1-EBFP2 plasmids, and mApple as a morphology marker. Httex1-Q97-EBFP2 was 

transfected at three different levels: 0.4 µg, 0.2 µg, and 0.1 µg. Httex1-Q25-EBFP2 was 

transfected at 0.4 µg. Neurons were imaged 24 hours post-transfection and mitochondrial 

morphology was quantified as described in the Methods section. Four parameters of 

mitochondrial morphology were quantified: circularity, skeleton length, blob count (the number 

of mitochondria in a cell body), and aspect ratio. Lower transfection levels (0.1 µg and 0.2 µg) of 

Httex1-Q97-EBFP2 increased the mitochondrial circularity index compared to Httex1-Q25-

EBFP2-expressing cells, indicating that mitochondria in these neurons were more elongated and 

less circular (a circularity index of 1 is perfectly circular) (Fig. 3.3a). Lower transfection levels 

of Httex1-Q97-EBFP2 also increased mitochondrial skeleton length (Fig. 3.3b). There was no 

change in blob count across any of the conditions (Fig. 3.3c). Finally, expression of any level of 

Httex1-Q97-EBFP2 increased the aspect ratio of mitochondria, again indicating increased 

elongation (an aspect ratio of 1 represents a perfect circle) (Fig. 3.3d).  
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For the EM-based approach, primary neurons were infected with lentivirus expressing Httex1-

Q97-GFP or Httex1-Q25-GFP. Seven days post-infection, neurons were lysed and prepared for 

electron microscopy as described in the Methods. Images were taken at 13600×. Areas of the 

samples containing mitochondria were selectively chosen for imaging. Mitochondria present in 

the images were manually analyzed to measure area, circularity, perimeter, and % of all 

mitochondria that appeared swollen. Neurons infected with Httex1-Q97-GFP-expressing virus had 

larger mitochondria than neurons infected with Httex1-Q25-GFP-expressing virus in terms of total 

area (Fig. 3.3e) and perimeter (Fig. 3.3g). There was no change in circularity across the two 

conditions (Fig. 3.3f). Both conditions also had ~40% swollen mitochondria (Fig. 3.3h). Overall, 

both approaches indicated that mitochondria in mHtt-expressing neurons are not more 

fragmented; to the contrary, mitochondria in these cells are larger and more elongated. 
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3.3 EVALUATION OF AUTOPHAGY RATES IN THE HD MODEL 

Mitophagy is a cargo-specific form of general autophagy, possibly the only clearance pathway in 

cells that can clear aggregated protein. To further establish whether our HD model is suitable for 

investigating a relationship between mHtt and mitophagy, we first sought to demonstrate that we 

could detect an effect of mHtt on autophagy. We first asked whether the expression of mHtt 

induced an upregulation of autophagy. In order to assay autophagy, we first looked at overall 
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Figure 3.3 Assessment of mitochondrial morphology in neurons expressing wild-type and mHtt. 
(a-d) Neurons transfected with mito-GFP and EBFP2-tagged wild-type or mHtt were imaged and mitochon-
drial morphology assayed in an automated fashion as described above. mHtt was transfected at four differ-
ent levels: 0.1 μg, 0.2 μg, and 0.4 μg. Four morphology parameters were assayed: mitochondrial circularity 
(a), skeleton length (b), blob count (c), and aspect ratio (d). (e-h) Neurons were infected with lentivirus 
expressing GFP-tagged wild-type or mHtt in the FUGW expression vector. 5 days after infection, neurons 
were prepared for EM imaging. Mitochondria present in EM images were assayed for area (e), circularity (f), 
perimeter (g), and degree of swollenness (h). Means across conditions were compared using 1-way ANOVA 
with Dunnett’s correction or Student’s t-test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 
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levels of LC3 in the cells. LC3 is the most specific known marker of autophagosomes, lining the 

inner and outer membranes, and is itself degraded by autophagy (31). Thus, its levels are related 

to the rate of autophagy in the cell. Neurons expressing Httex1-Q25-EBFP2 or Httex1-Q97-EBFP2 

were stained with an antibody against LC3 and staining intensity was quantified. Httex1-Q97-

EBFP2-expressing neurons had a significant decrease in LC3 staining intensity, indicating a 

potential upregulation of autophagy leading to a reducing in total LC3 levels (Fig. 3.4a). 

However, as the LC3 stain is a snapshot-based measure, it does not distinguish between 

increased autophagy and reduced autophagosome synthesis. Thus, to complement this approach, 

we used an OPL LC3 clearance assay described previously (89) in neurons transfected with 

Httex1-Q25-GFP or Httex1-Q97-GFP. The half-life of LC3, as measured with the OPL assay, 

provides a single cell estimate of rates of autophagic flux (89). There was no change in the mean 

LC3 half-life with Httex1-Q97-GFP (Fig. 3.4b, left). However, consistent with our previous 

findings (85), we found a modest but significant leftward shift in the distribution of LC3 half-

lives in Httex1-Q97-GFP-expressing neurons (Fig 3.4b, right), indicating shorter LC3 half-lives in 

this population and faster rates of autophagy. These findings indicate that neurons upregulate 

autophagy in response to Httex1-Q97-GFP expression. 
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3.4 EFFECT OF MUTANT HTT EXPRESSION ON MITOCHONDRIAL HALF-LIFE IN 

AN UNSTRATIFIED POPULATION OF NEURONS  

We next used our model to investigate whether mitophagy is altered with mHtt. We first 

evaluated whether lysosomal degradation of mitochondria is altered in neurons expressing mHtt 

by quantifying mitochondrial delivery to lysosomes with mito-mKeima (102). Keima emits 

green fluorescence (~447 nm) at neutral pH, but undergoes a spectral shift and emits red 

fluorescence (~561 nm) in acidic environments. By fusing a sequence that targets Keima to 

mitochondria, mt-mKeima, we can differentially image mitochondria in lysosomes and in the 

cytoplasm (Fig. 3.5a). The distributions of mitochondria in these compartments can be quantified 

by measuring the ratio of mt-mKeima fluorescence at 561 and 447 nm. A high ratio indicates 

that most mitochondria are in the acidic lysosomal compartment, while a low ratio indicates that 

most mitochondria are outside of the lysosome. As lysosomal degradation is the last step in 

mitophagy, co-localization of mitochondria with lysosomes is a measure of mitophagy (103). 
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Fig 3.4 Mutant Htt increases autophagy. (a) Immunocytochemistry was performed 
on neurons transfected with Httex1-Q25-EBFP2 or Httex1-Q97-EBFP2 for LC3 levels. 
Neurons expressing mHtt had significantly lower LC3 levels than neurons expressing 
wild-type Htt. (b) Autophagy flux in neurons expressing Httex1-25Q-GFP and 
Httex1-97Q-GFP. Expression of Httex1-97Q-GFP has no effect on mean LC3 half-life 
(left panel), but significantly shifts the distribution of LC3 half-lives to the left towards 
shorter half-lives (right panel), indicating an induction of autophagy. Survival curves 
were compared using a log-rank test. Distributions were compared using a 
Mann-Whitney-Wilcoxon test. ***, p<0.001
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Differing numbers of mitochondria co-localized with lysosomes in the presence of mHtt thus 

indicates a change in mitochondrial degradation via mitophagy.  

 

To determine the effect of mHtt on the mt-mKeima fluorescence ratio, neurons co-transfected 

with EBFP2-tagged Httex1-Q25 or Httex1-Q97 and mt-mKeima were imaged and the 561 nm /447 

nm fluorescence ratio quantified. Neurons expressing Httex1-Q97-EBFP2 had a higher 

fluorescence index compared to neurons expressing Httex1-Q25-EBFP2, indicating that 

mitophagy may be increased in the presence of mHtt in an unstratified population of neurons 

(Fig. 3.5b).  

 

One potential limitation is that the mt-mKeima assay makes inferences about mitophagic flux 

based on steady-state changes in mitochondrial distributions between cytoplasmic and lysosomal 

compartments. An increase in mitochondrial localization to lysosomes reported by mt-mKeima 

might be caused by reduced lysosomal degradation rather than increased mitochondrial 

clearance. To overcome this limitation, we used the mitophagy assay we developed to directly 

measure mitochondrial clearance rates. Neurons co-transfected with Httex1-Q25-GFP or Httex1-

Q97-GFP and mitoEOS2 (Fig. 3.5c) were photoconverted with 405-nm light and imaged at 12-hr 

intervals for 30−40 hours using robotic microscopy. Mitochondrial half-life was calculated as 

above. We found no significant difference in mean mitochondrial half-life (Fig. 3d, left) or the 

distributions of mitochondrial half-lives (Fig. 3.5d, right) in neurons expressing Httex1-Q25-GFP 

and Httex1-Q97-GFP. These data indicate that mHtt expression does not affect mitochondrial 

clearance through the mitophagy pathway in an unstratified population of neurons. 

 



 36 

 

 

3.5 MITOCHONDRIAL CLEARANCE RATES IN NEURONS WITH AND WITHOUT 

INCLUSION BODIES 

In our analysis, we treated each live neuron identically, whether mHtt had aggregated into an IB 

or not. However, IB formation is an adaptive response neurons mounted to mHtt that improves 

survival (24). Thus, a potential explanation for a failure to find an effect in a population of mHtt-

expressing neurons may be due to the existence of two subpopulations of cells, one with IBs and 

one without, in which opposite effects are occurring and canceling each other out. To test this 
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Figure 3.5. Effects of mutant Htt on mitochondrial localization to lysosomes and mitophagy. 
(a) Mt-mKeima expression in primary cortical neurons. Excitation with 447 nm produces an image of 
Keima-labeled mitochondria in the cytoplasm, while excitation with 561 nm produces an image of 
Keima-labeled mitochondria in lysosomes. Scale bar, 10 μm. (b) Mt-mKeima fluorescence index in 
neurons expressing Httex1-25Q-EBFP2 and Httex1-97Q-EBFP2. 97Q expression increases the mean 
mito-mKeima fluorescence index (ratio of 561 nm/447 nm fluorescence). (c) Co-expression of 
Httex1-GFP constructs with photoswitched mitoEOS2. The left column represents the EGFP signal 
from the Httex1 plasmids while the right column represents the red (photoswitched) mitoEOS2 signal 
from the same cells. Scale bar, 10 μm. (d) Mitophagy flux in neurons expressing Httex1-25Q-GFP and 
Httex1-97Q-GFP. There is no difference in mean mitochondrial half-life or the distribution of mitochon-
drial half-lives across populations of neurons expressing Httex1-25Q-GFP and Httex1-97Q-GFP. 
Means across conditions were compared using Student’s t-test. Distributions were compared using 
a Mann-Whitney-Wilcoxon test. ***, p<0.001
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idea, we first re-examined ROS levels in neurons with and without IBs. Neurons expressing 

EBFP2-tagged Httex1-Q25 or Httex1-Q97 were treated with CellROX Deep Red and imaged. We 

found that neurons with diffuse Httex1-Q97-EBFP2 had increased CellROX Deep Red 

fluorescence compared with neurons expressing Httex1-Q25-EBFP2 (Fig. 3.6a). However, ROS 

levels in neurons with Httex1-Q97-EBFP2 IBs were not significantly different from neurons 

expressing Httex1-Q25-EBFP2, indicating that the presence of an IB restores mitochondrial ROS 

production to wild-type levels. These data also supported the idea that neurons with IBs may be 

in a different functional state than similar neurons without IBs (29). 

 

With this in mind, we considered whether mitochondrial localization and clearance were 

different in mHtt-expressing neurons with and without IBs. We first used the mt-mKeima 

fluorescence index to evaluate whether localization of mitochondria to lysosomes was altered in 

neurons with and without IBs. Diffuse Httex1-Q97-EBFP2-expressing neurons had a higher 

fluorescence index than Httex1-Q25-EBFP2-expressing neurons. Neurons with Httex1-Q97-EBFP2 

IBs, on the other hand, had a significantly lower fluorescence index than neurons with diffuse 

Httex1-Q97-EBFP2, indicating a reduction in mitochondrial localization to lysosomes in the 

presence of mHtt IBs (Fig. 3.6b). 

 

We then measured mitochondrial half-life in our OPL mitophagy assay to determine whether the 

increased localization of mitochondria to lysosomes in IB-containing neurons indicated a change 

in mitophagy flux. Indeed, neurons containing Httex1-Q97-GFP IBs exhibited a longer mean 

mitochondrial half-life than neurons containing diffuse Httex1-Q97-GFP or neurons expressing 

Httex1-Q25-GFP (Fig. 3.6c, left). In addition, when we looked at the distributions of half-lives in 
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these populations, the presence of diffuse mHtt shifted the distribution significantly leftward 

towards shorter half-lives, while the presence of mHtt IBs shifted the distribution significantly 

rightwards towards longer half-lives (Fig. 3.6c, right). These data indicate that mitophagy flux in 

mHtt-expressing neurons depends on whether the neuron has formed an IB.  

 

 

 

3.6 AUTOPHAGY RATES IN NEURONS WITH AND WITHOUT INCLUSION BODIES 
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Figure 3.6 Mitochondrial clearance rates differ in neurons containing diffuse mHtt or IBs. (a) ROS levels in 
neurons with Httex1-25Q-EBFP2 (“25Q”), diffuse Httex1-97Q-EBFP2 (“Diffuse”), or Httex1-97Q-EBFP2 that has formed 
an IB (“IB”). Neurons containing diffuse mHtt exhibited increased CellROX Deep Red fluorescence compared to 
wild-type Htt neurons. CellROX Deep Red levels in neurons with IBs did not differ from wild-type Htt neurons. (b) 
Mt-mKeima fluorescence index in neurons with Httex1-25Q-EBFP2, diffuse Httex1-97Q-EBFP2 or IB Httex1-97Q-EB-
FP2. The fluorescence index is significantly reduced in neurons containing mHtt IBs compared to neurons contain-
ing diffuse mHtt. Representative images (left) and mean index per condition (right). (c) Mitophagy flux in neurons 
containing Httex1-25Q-GFP, diffuse Httex1-97Q-GFP or IB Httex1-97Q-GFP. Neurons containing mHtt IBs exhibited 
increased mean mitochondrial half-life compared to both wild-type Htt neurons and diffuse mHtt neurons (left 
panel). In addition, neurons with diffuse mHtt expression significantly shifted the distribution of mitochondrial 
half-lives leftward, while IB formation significantly shifted the distribution of mitochondrial half-lives rightward (right 
panel). Means across conditions were compared using 1-way ANOVA with Tukey’s correction. Distributions were 
compared using a Mann-Whitney-Wilcoxon test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 
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Do neurons that form IBs exhibit a change in autophagy flux analogous to the one observed for 

mitophagy? We first measured LC3 levels in neurons with and without IBs. Neurons with diffuse 

mHtt had lower levels of LC3 than wild type Htt-expressing neurons. However, neurons with IBs 

did not significantly differ in LC3 levels from wild type Htt-expressing neurons, indicating that 

autophagy is upregulated in neurons with diffuse mHtt but not IB mHtt (Fig. 3.7a). We also used 

the OPL LC3 assay described previously (89) to measure autophagic flux. We found that 

neurons with Httex1-Q97-GFP IBs had a greater mean LC3 half-life than neurons containing 

diffuse Httex1-Q97-GFP (Fig. 3.7b, left). Diffuse mHtt also shifted the distribution of LC3 half-

lives leftward, while the presence of IBs shifted the distribution rightward (Fig 3.7b, right). Thus, 

both autophagy and mitophagy flux are accelerated in cells with diffuse mHtt and slowed in cells 

with IBs. 
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3.7 SEQUESTRATION OF AUTOPHAGY PROTEINS BY INCLUSION BODIES 

What could be a potential mechanism for the slowing of autophagy and mitophagy in neurons 

with IBs? One potential explanation is that IBs sequester proteins that are necessary for 

autophagy, thus taking up autophagy capacity and reducing the degradation of other autophagic 

cargo, such as LC3 and mitochondria. IBs are known to co-localize with autophagy-related 

proteins such as p62, LC3, and optineurin (104, 105). Optineurin and p62 are also necessary for 

mitophagy (106). In order to determine whether optineurin and p62 levels differed in neurons 

with and without IBs, neurons were co-transfected with mCherry-tagged Httex1-Q97 constructs 

and GFP as a morphology marker. 60 hours post-transfection, neurons were fixed and stained 

with antibodies against p62 or optineurin. For cells containing IBs, optineurin and p62 levels 
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Fig 3.7 LC3 levels in neurons expressing wild-type or mHtt. (a) Immunocy-
tochemistry was performed on neurons transfected with Httex1-Q25-EBFP2 or 
Httex1-Q97-EBFP2 for LC3 levels. Neurons expressing Httex1-Q97-EBFP2 were 
broken down into cells that do or do not have IBs. Neurons with IBs had signifi-
cantly lower LC3 levels than neurons expressing wild-type Htt. (b) Autophagy 
flux in neurons expressing Httex1-25Q-GFP, diffuse Httex1-97Q-GFP or IB 
Httex1-97Q-GFP. Neurons containing mHtt IBs exhibited increased mean LC3 
half-life compared to diffuse mHtt neurons (left panel). In addition, neurons with 
diffuse mHtt expression significantly shifted the distribution of LC3 half-lives 
leftward, while IB formation significantly shifted the distribution of LC3 half-lives 
rightward (right panel). Means across conditions were compared using 1-way 
ANOVA with Tukey’s correction or Student’s t-test. Distributions were compared 
using a Mann-Whitney-Wilcoxon test. *, p<0.05; ***, p<0.001; ****, p<0.0001
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were assayed in the area of the cell body outside of the IB. In cells containing IBs, cytoplasmic 

p62 levels were significantly lower than in cells containing diffuse mHtt (Fig. 3.8a, left). P62 

was also highly localized to the IB (Fig. 3.8a, right). Optineurin levels were not significantly 

different between cells containing IBs and cells containing diffuse mHtt, but there was a trend 

towards a reduction of optineurin in cells containing IBs (Fig. 3.8b). Although we did not test 

directly whether this level of sequestration would be expected to impact the autophagy or 

mitophagy rate, sequestration of autophagy-related proteins by mHtt IBs may contribute to the 

reduction of autophagy and mitophagy observed in these cells. 

 

 

 

3.8 RELATIONSHIP BETWEEN MITOPHAGY RATES AND NEURONAL SURVIVAL 

What is the underlying epistatic relationship among mHtt levels, IB formation, mitophagy, and 

survival? Experimentally, this is difficult to address directly because events, such as IB 
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Fig 3.8 Levels of autophagy-related proteins in cells with and without IBs. (a) 
Levels of cytoplasmic p62 in neurons expressing Httex1-Q97-EBFP2 that do or do 
not have IBs. p62 was measured in the cytoplasmic area that did not contain the 
IB. Neurons with mHtt IBs had significantly reduced levels of p62 protein compared 
to neurons with diffuse mHtt. (b) Levels of optineurin in neurons expressing 
Httex1-Q97-EBFP2 that do or do not have IBs. Optineurin was measured in the 
cytoplasmic area that did not contain the IB. Neurons with mHtt IBs slightly 
reduced levels of optineurin protein compared to neurons with diffuse mHtt, but this 
trend did not reach significance. Means across conditions were compared using 
Student’s t-test. ***, p<0.001
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formation and cell death, occur asynchronously across the whole cell population. Also, it is 

difficult to deduce the role of each variable experimentally because it is impossible to hold the 

others constant. 

 

To overcome these limitations, we took advantage of advanced Bayesian statistical modeling and 

the unique datasets we generated with RM and dynamic repeated measures of all the critical 

variables. With Bayesian hierarchical approaches, we built a model that incorporated mHtt 

levels, IB formation, mitochondrial clearance, and survival as covariates, and regressed our data 

to determine the relationships that each variable has to the others. Bayesian modeling works by 

making initial predictions about relationships and then using data about each variable from each 

cell to refine the model, regressing the model to fit the actual data optimally. With conventional 

approaches using cross-sectional data, cell-to-cell variation in the levels of critical variables (e.g., 

mHtt levels, mitophagy rates) and the timing of key events (e.g., IB formation, cell death) would 

necessarily be averaged, obscuring the relationships. However, by observing these variables 

dynamically in individual cells, the variation is exploited by the Bayesian modeling to uncover 

underlying dose- and time-dependent relationships among the variables. The approach is also 

unbiased, and information from every cell is utilized to the fullest, whether a particular cell 

exhibits some of the features (e.g., IB formation, cell death) or not. This approach provides a 

way to disentangle the contribution of two variables to a future fate that might otherwise be 

linked by alternatively removing each variable from the model and comparing the effect on the 

predictions of the model. 
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To start, we focused on understanding these relationships in neurons expressing mHtt. IB 

formation is strongly dependent on mHtt levels; the probability of future IB formation rose 

significantly as mHtt levels rose (29). Higher mHtt levels also predicted shorter cell survival, and 

IB formation led to an abrupt reduction in levels of mHtt elsewhere in the cell and predicted 

better survival (24). Are these previous relationships discovered with less sophisticated statistical 

approaches replicated using more powerful Bayesian hierarchical modeling? We constructed a 

Bayesian regression model that integrates measures of mitochondrial clearance, mHtt expression, 

and IB formation and estimates the effect of each covariate on neuronal longevity in mHtt-

expressing neurons. Initial Httex1-Q97-GFP levels were a strong predictor of cell death, and IB 

formation was a strong predictor of neuronal survival, as reported previously (Fig. 3.9a).  

 

Interestingly, the model revealed that mitochondrial clearance was a negative predictor of 

neuronal survival (Fig. 3.9a). Neurons with higher rates of mitochondrial clearance survived less 

well than those with lower rates.  

 

As we previously observed that neurons with IBs exhibited slower mitochondrial clearance than 

neurons with diffuse mHtt, and have previously shown that high mHtt levels induce IB formation 

(29), we next investigated whether IB formation itself, or the total load of mHtt, was a stronger 

determinant of mitochondrial clearance rates. With Bayesian approaches, we can alternately 

remove each variable from the model and test the effect on its predictions. If the predictions are 

significantly different after variable removal, then a relationship exists (107). Therefore, we ran 

the regression model in three ways, including all three covariates (expression, IB formation, and 

decay), excluding IB formation, and excluding decay. Mean values of the effect of each 
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covariate on neuronal survival are shown in Table 3.1. When the IB formation covariate was 

removed, the predictive role of mitochondrial clearance and mHtt expression for 

neurodegeneration persisted, indicating that there is no evidence for a causal relationship 

between IB formation and mitochondrial clearance. By contrast, removing mHtt expression 

caused predictions to flip such that faster mitochondrial clearance predicted better survival, 

indicating a strong causal relationship between mHtt expression and mitochondrial clearance. 

Indeed, the correlation between mitochondrial decay and mHtt expression is strongly negative 

(Fig. 3.9d). Taken together, the model indicates that mHtt levels drive IB formation and reduce 

mitochondrial clearance rates and that there is no direct effect of IB formation on mitochondrial 

clearance. 

 

Table 3.1 Bayesian regression analysis of the effects of mHtt expression level, IB formation, and 
mitochondrial clearance on neuronal survival 

 mHtt expression IB formation Mitochondrial clearance 
All covariates 0.341  

(0.261−0.423),**** 
-0.138  

(-0.284−0.0166),* 
0.280  

(0.0133−0.552),* 
 

Without IB formation 0.345  
(0.263−0.426),**** 

---- 0.318  
(0.082−0.576),** 

 
Without mHtt expression ---- -0.157  

(-0.310−0.00545),* 
-0.133  

(-0.377−0.0991),# 
 
Table 3.1 Bayesian regression analysis of the effects of mHtt expression level, IB formation, 
and mitochondrial clearance on neuronal survival. Numbers represent the mean of the 
posterior probability distribution for the effect of each covariate on neuronal survival. A mean 
greater than zero indicates that the covariate is associated with reduced survival, while a mean 
smaller than zero indicates that the covariate is associated with improved survival. Analysis was 
performed including all covariate (first row), expression and decay only (second row), and IB 
formation and decay only (third row). 95% credible intervals are in parentheses. The probability 
that each distribution is different from zero is represented by asterisks. ****, P is not 
distinguishable from zero; **, P < 0.01; *, P < 0.05; #, P=0.137 
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Wild-type Htt may normally be critical in autophagy, including a role for the N-terminus of Htt 

used in these studies (55). This raises the intriguing possibility that at least part of the effect of 

Htt levels on mitophagy shown here might stem from a direct role of Htt on autophagy and 

mitophagy. To investigate this possibility further, we built Bayesian models from longitudinal 

single-cell data of neurons expressing GFP alone or Httex1-Q25-GFP, in which expression levels, 

mitochondrial clearance rates and survival were determined. In neurons expressing GFP alone, 

higher mitochondrial clearance rates predicted better survival, and higher GFP expression 

correlated with an increased rate of mitochondrial clearance (Fig. 3.9c,f). These data indicate that 

mitochondrial decay in normal cells is a marker for improved neuronal survival. In neurons 

expressing Httex1-Q25-GFP, on the other hand, higher mitochondrial clearance rates predicted 

worse survival, and higher Httex1-Q25-GFP levels correlated with slower mitochondrial decay 

(Fig. 3.9b,e). Overall, the presence of Htt induces mitochondrial clearance, which is associated 

with increased toxicity. However, as mHtt and wild-type Htt levels go up, mitochondrial 

clearance decreases, potentially as a compensatory mechanism to prevent further cell death. As 

we found these effects in neurons expressing both wild-type and mHtt, it is likely that an 

intrinsic function or property of Htt is responsible for the effect of Htt on mitochondrial 

clearance.   
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Figure 3.9 Mitochondrial clearance determines neurodegeneration. (a) Effect of IB formation, mHtt expres-
sion, and mitochondrial decay on mHtt-expressing neuronal longevity. The probability density for IB formation is 
clustered to the left of ‘0’, indicating that IB formation reduces neuronal death. By contrast, the probability density 
for the initial levels of Httex1-97Q-GFP is clustered to the right of ‘0’, indicating that the larger the level of 
Httex1-97Q-GFP, the sooner neurons die. The density for mitochondrial decay is also clustered to the right of ‘0’, 
indicating faster mitochondrial decay is also associated with increased neuronal death. (b) Effect of wtHtt expres-
sion and mitochondrial decay on wtHtt-expressing neuronal longevity. In neurons expressing Httex1-25Q-GFP, 
both increasing mitochondrial decay and initial levels are associated with increased neuronal death. (c) Effect of 
GFP expression and mitochondrial decay on GFP-expressing neuronal longevity. In neurons expressing GFP 
alone, increasing mitochondrial decay is associated with reduced neuronal death, while increased initial GFP 
expression is associated with slightly increased neuronal death. (d-f) Correlation between mitochondrial decay 
rate and Htt or GFP expression in neurons expressing Httex1-97Q-GFP (d), Httex1-25Q-GFP (e), and GFP (f). The 
probability that correlations are different from zero is not distinguishable from zero (d), 0.021 (e), and not distin-
guishable from zero (f). 
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4.1 PLASMIDS 

pGW1-GFP was described previously (108). Expression plasmids encoding an N-terminal 

fragment of Htt fused to GFP (pGW1- Httex1-[Q25, Q97]-GFP) were derived as described 

previously (24, 29). pGW1-EBFP2 was generated by subcloning EBFP2 from pBAD-EBFP2 

(Addgene) into pGW1. EBFP2-tagged expression plasmids were generated by swapping GFP for 

EBFP2. pGW1-mCherry was described previously (67). pGW1-Httex1-[Q25, Q97]-mCherry 

constructs were generated by subcloning Httex1-[Q25,Q97] from pGW1-Httex1-[Q25,Q97]-EGFP 

into pGW1 mCherry. pGW1-mito-mKeima was cloned into pGW1 from pIND-mt-mKeima (a 

generous gift of Dr. Atsushi Miyawaki). pGW1-mitoEOS2 was cloned into pGW1 from pEOS2-

mito (a generous gift of Dr. Jayanta Debnath). pGW1 EOS2-LC3 was subcloned from pGW1 

Dendra2-LC3, which was described previously (89). FUGW-Httex1 plasmids were generated by 

subcloning Httex1-[Q25,Q97] from pGW1-Httex1-[Q25,Q97]-EGFP into FUGW. FUGW-

Atg[5,7,12] shRNA or FUGW-NTS plasmids were generated by subcloning the hU6 promoter 

and hairpin sequences from original pLK0.1 vectors. pCAGGS-AT1.03 was a generous gift from 

Dr. Ken Nakamura and originally described in Imamura et al., 2009 (100). pCAGGS-mitoGFP 

was a generous gift from Dr. Ken Nakamura. 

 

4.2 shRNA 

Atg7 shRNA (TRCN0000092163), Atg5 shRNA (TRCN0000327377), Atg12 shRNA 

(TRCN0000246729) and non-targeting shRNA (SHC002) pLK0.1 plasmids were obtained from 

Sigma. 

 

4.3 LENTIVIRUS PRODUCTION 
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HEK293 cells at passage number <10 were grown to 80% confluence in 10 cm dishes coated 

with poly-D-lysine (EMD Millipore). Cells were transfected with empty FUGW or FUGW 

vectors expressing Httex1-25Q or Httex1-97Q, along with VSVG and Δ8.9 plasmids. 

Lipofectamine 2000 was used for transfections according to manufacturer’s instructions. 48-96 

hours after transfection, media was harvested, filtered with a 0.2 µm filter, combined with 5x 

PEG-It (System Biosciences), and stored at 4°C for 24-48 hours. Virus-containing media was 

then spun down for 30 min at 1500g at 4°C, the majority of the supernatant was removed, and 

remaining media was re-spun for 15 min at 1500g at 4°C. Virus pellets were then re-suspended 

in PBS. Virus was titered by quantifying the percentage of GFP-positive cells in an infected 

primary neuron culture. 

 

4.4 PHARMACOLOGY 

CCCP, FCCP, antimycin A, oligomycin, rotenone, and 3-MA were purchased from Sigma. 

 

4.5 PRIMARY NEURON CULTURE 

Primary rat cortical neurons were prepared from rat pup cortices at embryonic days (E)20 –E21 

and cultured in Neurobasal media with B-27, Glutamax, and penicillin/streptomycin (NBM). 

Euthanasia for these experiments is entirely consistent with the recommendations of the 

Guidelines on Euthanasia of the American Veterinary Medical Association. For automated 

microscopy experiments, neurons were seeded at 1 x 106 cells per well on 96-well TPP® plates 

(Sigma) or CCB® plates (Perkin-Elmer). For confocal imaging experiments, neurons were 

seeded at the same density on 96-well glass-bottom dishes with #1.5 glass thickness (Mat-Tek). 

All plates were coated with poly-D-lysine (EMD Millipore) at 50 ug/ul and laminin at 5 ug/ul 
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(BD Biosciences) prior to neuron plating. At 4 d in vitro (DIV) neurons were transfected with 

plasmids by Lipofectamine 2000 (Invitrogen). All of the transfections involved 0.5 µl 

Lipofectamine 2000 per well. Cells were incubated with Lipofectamine–DNA complexes for no 

more than 1 hour at 37°C before rinsing. The remainder of the transfection protocol was per the 

manufacturer's suggestions. 

 

4.6 IMMUNOCYTOCHEMISTRY 

Primary rat cortical neurons were grown on 96-well plates. Neurons were transfected at 4 DIV. 

At 72 h post-transfection, immunocytochemistry was performed as described (21)  and labeled 

with one of the following, anti-p62 (1:200, Progen), anti-LC3 (1:200, Novus) or anti-optineurin 

(1:200, Abcam). Primary antibody staining was followed by secondary antibody staining with 

either anti-guinea pig Alexa 647 (1:1000), anti-rabbit Alexa 488 (1:1000) or anti-rabbit Alexa 

647 (1:1000) (Invitrogen). 

 

4.7 QUANTITATIVE PCR WITH REVERSE TRANSCRIPTION 

Primary rodent cortical neurons cultured as described above were rinsed in ice-cold PBS, and 

RNA was collected with the RNeasy kit (Qiagen). Equal amounts of RNA were used to generate 

cDNA from each replicate with the Applied Biosystems kit. SYBR Green (Applied Biosystems). 

Quantitect primer assays for actin and Atg7 (Qiagen) were used with a 7900HT Fast Real-Time 

PCR system. Each reaction was performed in duplicate and averaged. The Ct method was used 

to measure the effects of shRNA knockdown. To compare between replicates, each control 

sample was normalized to 1. 
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4.8 MITOCHONDRIAL FUNCTION ASSESSMENTS 

Primary rat cortical neurons transfected with Httex1 plasmids and a morphology marker were 

treated with MitoTracker Green (100 nM), LysoTracker Deep Red (75 nM), TMRM (10 nM), 

MitoSox Red (1 µM), CellROX Deep Red (5 µM) (all from Life Technologies), or MitoView 

633 (100 nM) (Biotium). All treatments were performed for 30 min at 37°C. Afterwards, cells 

were rinsed 4x with warm NBM or HBS (274 mM NaCl, 10 mM KCl, 1.4 mM Na2HPO4, 15 

mM glucose, 42 mM HEPES) and imaged. For mitochondrial morphology assessment, primary 

rat cortical neurons were transfected with mito-GFP, Httex1 plasmids and a morphology marker. 

 

4.9 ELECTRON MICROSCOPY 

Cortical neurons were cultured as described above and infected with FUGW-Httex1-[25Q,97Q] at 

1 DIV. 5 days later, cultures were fixed in an ice-cold solution of 2% glutaraldehyde, 1% 

paraformaldehyde, and 100 mM sodium cacodylate (pH 7.4), postfixed in 2% osmium tetroxide, 

block-stained in 2% aqueous uranyl acetate, dehydrated in acetone, and embedded in LX-112 

resin (Ladd Research Industries). Ultrathin sections were contrast-stained with 0.8% lead citrate, 

examined with a JEM-1230 electron microscope (JEOL USA), and photographed with an 

Ultrascan USC1000 digital camera (Gatan). Neurons were fixed and analyzed in an unbiased 

manner (i.e., every section of the cell has an equal probability of inclusion in the analysis). 

Mitochondria were identified as double-membrane structures with obvious cristae. 

 

4.10 CONFOCAL MICROSCOPY 

For mitochondrial function assessments, images were obtained with an inverted microscope 

(Nikon Ti-E) equipped with a Plan Apo VC 60×/1.4 Oil objective, Yokogawa CSU-22 spinning 
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disk confocal scanner, and a Photometrics Evolve Delta EMCCD camera. All components were 

encased in an Okolab environmental chamber kept at 37°C and 5% CO2. Images were acquired 

using 405, 488, 561, and 640 nm lasers. The microscope was controlled using µManager 

software. 10-20 z-slices at a 0.25 µm interval were collected per neuron. Z-stacks were 

transformed into a maximum projection image and intensity information was extracted using 

ImageJ. 

 

For mt-mKeima experiments, images were obtained using a TI Eclipse with a Yokogawa CSU-

W1 spinning disk confocal scanner with a 20× Plan Fluor S 0.45NA ELWD objective and an 

Andor Zyla4.2 camera. Images were acquired using 445 and 561 nm lasers. All components 

were encased in a custom-designed Okolab environmental chamber kept at 37°C and 5% CO2. 

The microscope was controlled using µManager software. A z-stack of images of 3 images at a 1 

µM intervals was obtained for each well. This stack was transformed into a maximum projection 

image and intensity information was extracted using ImageJ. 

 

Images used for mitochondrial morphology assessment were taken on the same system as those 

for the mt-mKeima experiments. Images were acquired using a 488 nm laser. A 40× Plan Fluor S 

0.6NA ELWD objective was used for image acquisition. A z-stack of 5 images at 1 µm intervals 

was obtained for each well. This stack was transformed into a maximum projection image and 

intensity information was extracted using ImageJ. 

 

4.11 AUTOMATED FLUORESCENCE MICROSCOPY 
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Experiments involving neuronal survival analysis and optical pulse imaging used an automated 

microscopy platform as described (89). Briefly, images were obtained with an inverted 

microscope (Nikon TE2000) equipped with the PerfectFocus system, a 20× Plan Fluor S 0.45NA 

ELWD objective and a 16-bit Andor Clara digital camera with a cooled charge-coupled device. 

Illumination was provided by a Lambda XL Xenon lamp (Sutter). All of the components were 

encased in a custom-designed, climate-controlled environmental chamber (InVivo Scientific), 

kept at 37°C and 5% CO2. The Semrock BrightLine full-multiband filter set (DAPI, FITC, 

TRITC, Cy5) was used for fluorophore photoactivation (DAPI), excitation and detection (FITC, 

TRITC). The illumination, filter wheels, focusing, stage movements and image acquisitions were 

fully automated and coordinated with publicly available (ImageJ and µManager) software. 

 

4.12 IMAGE ANALYSIS 

Relevant data were extracted from the raw, digital images in a sequential process using an 

original script developed in PipelinePilot (Accelrys, San Diego, CA). Briefly, the median 

background fluorescence from a portion of all images was calculated and subtracted from each 

individual image. The images were then assembled into montages representing each well at each 

time point. The montages were sequenced and aligned automatically, and neuron cell bodies 

were segmented on the basis of intensity and morphology. Among the variables recorded for 

each neuron were the fluorescence intensity and the time of death, marked by the loss of cellular 

fluorescence, rounding or dissolution of the cell body. Neurons with photoswitched mitoEOS2 

values below 10 a.u. were excluded from half-life analyses. Statistical analyses and the 

generation of cumulative hazard plots and density plots were accomplished using custom-
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designed algorithms and the survival package within R, while scatter plots and bar graphs were 

created using Prism (GraphPad). 

 

4.13 SURVIVAL ANALYSIS 

With longitudinal single cell data collected by tracking individual neurons over time, survival 

analysis was used to accurately determine differences in longevity between populations of cells 

(109). For longitudinal survival analysis, the survival time of a neuron was defined as the time 

point at which a cell was last seen alive. The survival package in R was used to construct 

Kaplan-Meier curves from the survival data. Survival functions were fitted to these curves and 

used to derive cumulative hazard (or risk-of-death) curves that describe the instantaneous risk-of-

death for individual neurons in the cohort being tracked. Differences in the cumulative risk-of-

death curves were assessed with the log rank test. We used Cox proportional hazards regression 

analysis (Cox analysis) to generate hazard ratios that quantified the relative risk-of-death 

between two cohorts of neurons or the predictive values of variables such as the presence of 

mHtt, changes in Htt levels or IB formation on the risk-of-death (29, 110). The sign and size of 

the coefficient of the cellular feature describe, respectively, its predictive relationship to the fate 

of the cell and the magnitude of its effect. Hazard ratios and their respective p values were 

generated using the coxph function in the survival package for R statistical software (111). All 

Cox models were analyzed for violations of proportional hazards and for outlier data points using 

the cox.zph function in R.  

 

4.14 MITOCHONDRIAL MORPHOLOGY ANALYSIS 
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Images of neurons transfected with mito-GFP and various Htt constructs were background 

subtracted and mitochondria were segmented based on the multi-scale vesselness filter followed 

by a multi-threshold segmentation and morphological analysis in ImageJ. The detection of linear 

or ridge-like structures was achieved using the property that the eigenvalues of the Hessian 

matrix may be used to determine the likelihood that a ridge-like structure is present. The 

vesselness metric was calculated at multiple scales for a given image by varying the σ of the 

Gaussian, thus giving a multi-scale approach for detecting ridges or vessels in an image. The 

final vesselness metric was obtained as follows,  

  

where σmin and σmax are the minimum and maximum scales required to detect objects of the 

desired size. In the detection of mitochondria in 20× and 40× images, we set σmin=1 and σmax=2, 

with a step size of 0.1 giving us 10 scales at which the filters are evaluated. Ten thresholds for 

the vesselness images of each neuron were chosen and these threshold values were used to 

binarize the image. Small regions (typically with fewer than 3 pixels) were considered noise and 

removed using a morphological opening procedure. The cleaned, segmented image now 

contained regions that correspond to mitochondria and it was now possible to calculate various 

morphological characteristics at each threshold. The morphological properties calculated for 

quantification were eccentricity, circularity, ratio of major to minor axis of an ellipse fitted to 

each object (aspect ratio), skeleton length and area of each object. These were calculated at each 

threshold.  
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In addition to the morphological characteristics, the number of mitochondria per neuron were 

quantified through the use of a multi-scale blob detector based on the Laplacian of Gaussian 

(LoG) filter (112, 113). Given a 2D Gaussian with variance  

  

By applying the Laplacian operator to the Gaussian and convolving the Laplacian of Gaussian 

(LoG) obtained in this manner with the original image, regions of intensities greater than the 

local neighborhood were identified. With increasing scale (σ), the filter response attained a local 

maximum when the σ matched the feature size of interest. By applying the LoG filter at multiple 

scales, an estimate of the feature size and location was obtained by examining maxima in the 

scale space response. 

 

4.15 MITOCHONDRIAL MASS ANALYSIS 

Mitochondrial content was computed by image analysis using Fiji (114) and resulting data was 

processed in R. 3D image stacks of primary neurons were acquired on a spinning disk confocal 

microscope as described above for mitochondrial function experiments. Cells were transfected 

with Httex1-EBFP2 constructs, pGW1-mApple as a morphology marker, and mitochondria were 

labeled with MitoTracker Green. Signals from the markers for neuronal morphology (mApple) 

and mitochondria (MitoTracker Green) were quantile normalized to compensate for different 

intensity ranges of the fluorophores and instrument biases. Automatic thresholding was applied 

on both channels using the method described by Huang and Wang (115) and implemented in Fiji. 

Resulting image masks were dilated once and remaining holes were closed. For the cell 

morphology marker, this led to uniform coverage of the cell area. 



 57 

Masked pixels were counted in both channels for each slice and the ratio of the aggregated 

counts yielded an estimate of mitochondrial content for each 3D image stack. 

 

4.16 BAYESIAN REGRESSION ANALYSIS 

Because standard software is unable to accommodate the unique features of our data, we specify 

a hierarchical Bayesian model for our analysis. We build a proportional hazards model for cell 

survival times, where the hazard function is modulated by the covariates, which in our case 

include the initial expression of htt (denoted as X1), the decay rate of red mitoEOS2 fluorescence 

(denoted as X2), and the (time-dependent) presence or absence of an inclusion body (denoted as 

X3(t)). The core model for the hazard, or instantaneous risk of death, for each cell i is, as a 

function of time, 

hi (t) = h0 (t) exp {β0 + β1 X1i + β2 X2i + β3 X3i }. 

 

Several choices for the baseline hazard function h0 (t) are available, including very flexible 

semiparametric specifications. For our data, exploratory analysis suggested that h0 (t) = rtr-1 , 

corresponding to a Weibull survival model, is adequate to fit our data well, for some unknown 

parameter r. Since the automated microscope images the cells at time intervals that are fairly 

wide relative to the length of the observation period, it is important that we account for the 

uncertainty in the times of death by modeling the survival times as interval censored (or right 

censored, if they live past the observation period), rather than known.  

 

Furthermore, decay rates X2 are not directly observable, so they are included in the model as 

unknown parameters as well. Specifically, since red mitoEOS2 fluorescence decays 
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approximately exponentially, we use a linear model for the log of red mitoEOS2 fluorescence as 

a function of time. That is, if Yij is the log of red mitoEOS2 fluorescence measured for cell i at 

time tj , then 

Yij  = β0i + β1itj + εi , 

where the εi are normally-distributed errors. The decay rate for each cell i is then just the 

negative of the slope β1i in the above equation. Random effects were included to account for 

differences among the four separate experimental runs that were analyzed. Because the 

regression model for the decay of red mitoEOS2 fluorescence is embedded within the 

hierarchical Bayesian model for cell survival, all of the error arising from estimating the decay 

rate is properly propagated into the final estimates of parameters in the survival model. 

 

Finally, again as a result of the widely-spaced observation times, the time until inclusion body 

formation in a given cell is only observable up to a wide interval. To account for this uncertainty, 

we incorporate an interval-censored Weibull model for the time of inclusion body formation into 

our hierarchical model. Again, this ensures that the uncertainty associated with not knowing the 

exact time of IB formation is properly accounted for.  

 

Posterior samples from the model were generated by Markov chain Monte Carlo using JAGS 

software through the rjags interface to R. 

 

4.17 FRET ANALYSIS 

Neurons expressing the ATP FRET sensor were imaged in CFP, YFP, and FRET (CFP 

excitation/ YFP emission) channels. Mean fluorescence intensities for each neuron were 
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extracted via Pipeline Pilot. Normalized FRET was calculated as described previously (116). 

CFP and Venus bleed-through values under the FRET filter set were calculated as described 

previously (116) from neurons transfected with CFP alone or Venus alone imaged under the 

CFP, YFP, and FRET filter sets. 20 neurons each were used to calculate CFP and Venus bleed-

through values. 
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CHAPTER 5. 

DISCUSSION 
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5.1 CAVEATS OF THE MITOPHAGY ASSAY 

Here, we established a new flux assay that measures mitochondrial turnover in live neurons and 

can be applied on a single-cell basis. We found that the measured mitochondrial half-life is 

responsive to modulators of mitochondrial health, mitophagy, and autophagy, indicating that the 

mitochondrial clearance measured with this assay is mediated primarily by mitophagy. In a 

primary neuron model of HD, we found that neurons with mHtt IBs had slower rates of 

mitophagy than neurons expressing diffuse mHtt. Finally, and perhaps most notably, we used 

Bayesian regression analysis to show that fast mitochondrial turnover is associated with reduced 

neuronal longevity in cells expressing Htt, implicating mitochondrial clearance as an indicator of 

Htt-mediated toxicity in HD. 

 

Since the discovery of PINK1 and Parkin, which have been implicated in Parkinson’s disease 

(65), as regulators of mitophagy (38), interest in this pathway has grown. However, the lack of 

sensitive and quantitative assays of mitophagy has limited the investigation of the importance of 

mitophagy in neurodegenerative disease. Here, we designed and validated a live-cell mitophagic 

flux assay that is robust, quantitative, and adaptable to multiple model systems. In addition to 

enabling, for the first time, the measurement of mitochondrial clearance on an individual cell 

basis, the assay can also be adapted as a screening platform for the discovery of modulators of 

neuronal mitophagy. As mitophagy has been studied primarily in non-neuronal cells, and as it is 

likely that autophagy and mitophagy are regulated differently in neurons than in non-neuronal 

cells (66, 67), the discovery of these modulators will likely lead to novel insights regarding 

mitochondrial quality control in neurons. 

 



 62 

Although our assay is sensitive to modulators of the mitophagy and autophagy pathway, none of 

the pharmacological or genetic inhibitors we tested resulted in a complete block of autophagy or 

mitophagy – the changes in half-life we observed were incremental. Neurons are postmitotic 

cells that rely heavily on intracellular protein quality control pathways, such as autophagy, to 

maintain protein quality (rather than cell division) (117). Many of the inhibitors of the autophagy 

pathway that we tested were highly toxic to the neurons, indicating that large changes in 

autophagy may result in cell death. Thus, it is likely that the neurons that survived the autophagy 

manipulation were also the neurons that underwent incremental, rather than dramatic, changes in 

mitochondrial half-life. This relationship could explain why we were only able to observe 

incremental changes in mitochondrial half-life in response to autophagy and mitophagy 

manipulation. Implementing the assay in a cell type that is less sensitive to inhibition of protein 

quality control pathways, such as a cell line, would potentially allow for larger effects on 

mitochondrial half-life to be measured. 

 

In addition, the experiments we performed do not rule out the possibility that other clearance 

pathways could be contributing to the reduction of the red mitoEOS2 signal that we observe. 

MitoEOS2 throughout the entire cell is photoswitched but the red signal is only measured in the 

cell body. Net mitochondrial transport into or out of the cell body could result in an increase or 

decrease in red mitoEOS2 that would appear as a change in mitophagic rate. In addition, a 

number of other autophagy-independent mitochondrial clearance pathways exist. Individual 

mitochondrial matrix proteins can be degraded via ATP-dependent proteases, such as Lon and 

ClpXP, which are derived from bacterial proteases and highly conserved in eukaryotes (118). 

These proteases degrade dysfunctional proteins into peptides, which are then degraded further by 
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intramitochondrial peptidases (119). Although these proteases degrade native mitochondrial 

proteins, it is possible that a foreign protein such as EOS2 could be tagged as misfolded or 

damaged and targeted for degradation, thereby resulting in a reduction of mitoEOS2 signal that 

could be misread as mitophagic clearance. Another mitochondrial protein degradation 

mechanism involves mitochondria-derived vesicles (MDVs), which bud off mitochondria and 

contain a specific set of cargo proteins targeted for degradation. These MDVs ultimately fused 

with lysosomes for degradation of their contents in a parkin and PINK1-dependent manner (120).  

 

More recent work has identified multiple pathways that can clear whole mitochondria that are 

autophagy-independent. Mitochondrial degradation in lens and erythroid cells occurred normally 

in autophagy-deficient Atg5-/- mice (121). In addition, mitochondria are taken up into the yeast 

vacuole in the absence of Atg5 and Atg12 (122). Although these findings have not been 

demonstrated in neurons, these data demonstrate that mitochondrial degradation can occur in the 

absence of key proteins necessary for general autophagy. Finally, mitochondria can be extruded 

from the cell and degraded extracellularly in some contexts (123, 124). Overall, additional work 

will be necessary to determine the contribution of each of these degradation pathways to the 

reduction in red mitoEOS2 signal we observe. 

 

The half-life we measured using our mitophagy assay was 100 hours, on average. This is 

significantly shorter than previously published brain mitochondrial half lives, which range from 

20 to 30 days (125-127). One potential explanation for this discrepancy is that many of the 

previously published studies use radioactive pulse chase techniques, which are sensitive to 

significant amino acid recycling and thus can overestimate half life (128). In addition, many of 
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these studies assayed mitochondrial half-life in whole brain, which includes glia and neurons as 

well as many neuronal subtypes. Our studies were performed in cortical neurons only, which 

may exhibit significant differences in metabolism and turnover that could result in a shorter 

mitochondrial half-life. Also, as discussed above, non-mitophagy clearance pathways could 

contribute to the reduction in mitoEOS2 signal we observed, thus artificially lowering the 

measured mitochondrial half-life. The peculiarities of the culture system could also contribute to 

the difference in measured half-life: the cells assayed are embryonic, and cell culture is a stressor 

compared to the in vivo milieu, which could lead to faster turnover (129). Finally, mis-targeting 

of mitoEOS2 such that some proportion of protein is degraded in the intermembrane space or 

outside of the mitochondria could also contribute to the half-life discrepancy we observe. In 

general, as there are many potential contributors to the half-life measurement that may disqualify 

it from being an absolute measure of mitochondrial half-life, the assay’s usefulness is more as a 

relative measure of mitochondrial clearance across multiple conditions of interest. 

 

5.2 IMPLICATIONS FOR SELECTIVE NEURODEGENERATION 

Our results uncovered considerable diversity in the capacity of individual neurons to clear 

mitochondria, both in the presence and absence of Htt. We observed a variation in basal half-life 

of up to two orders of magnitude, consistent with previous work which showed up two three 

orders of magnitude variation in mitochondrial protein turnover rates (129). Significant evidence 

also points to neuronal subtype-specific differences in mitochondrial quality control 

mechanisms. Wild-type mouse cortex exhibited more mitochondria-containing autophagosomes 

than wild-type striatum, indicating that basal mitophagy levels may be lower in the striatum than 

in the cortex (88). In addition, striatal neurons are more sensitive to reduction of Omi/HtrA2 
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levels by mHtt expression (52). Omi/HtrA2 is a mitochondrial chaperone and protease that 

regulates autophagy (51, 130).  Thus, there is evidence that striatal neurons, which are the 

primary neuronal subtype that degenerate in HD, have altered mitochondrial quality control 

pathways (131). Such cell-to-cell variation in mitochondrial quality control suggests a potential 

mechanism for cell specificity in neurodegenerative disease. Previous work from our lab 

demonstrated that a cell’s capacity to degrade Htt via its protein quality control mechanisms was 

predictive of its survival (85). Thus, variation in mitochondrial quality control could also 

contribute substantially to a given cell’s susceptibility to mitochondrial and other stressors. Many 

proteins involved in neurodegenerative disease, including Aβ, alpha-synuclein, Htt, and TDP43, 

have been shown to induce mitochondrial dysfunction (132). The neuronal populations affected 

in these diseases are all initially limited to a single neuronal subtype; thus, it is likely that cell-to-

cell variability in mitochondrial quality control mechanisms contributes to susceptibility to the 

toxic proteins that cause neurodegenerative disease.  

 

5.3 MODELING HD 

In this study, we modeled HD by overexpressing N-terminal (exon 1) mHtt in primary neurons, 

which recapitulates many features of human HD (29). N-terminal mHtt mouse models of HD 

also exhibit numerous phenotypes consistent with human HD, including motor dysfunction, 

muscle wasting, and reduced lifespan (133). Although these models reproduce many of the 

features observed in human HD, the exon 1 fragment used in this study and others represents less 

than 3% of the full-length Htt protein. In particular, the protein encoded by exon 1 does not 

contain important post-translational modification sites, including S421, that are known to 

regulate mHtt toxicity (134, 135). In addition, caspase 6 proteolysis of the full-length protein, 
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which also contributes to mHtt toxicity, is not captured in an exon 1 model (136). Finally, recent 

work has implicated C-terminal portions of Htt in the regulation of autophagy and mitophagy 

(55, 56). These portions of Htt were not encompassed in these studies, and their inclusion could 

substantially change the results of our experiments.  

 

Although our primary neuron model of HD recapitulated many features of HD observed both in 

human patients and other model systems, we were unable to demonstrate significant 

mitochondrial dysfunction in our model. Other than an increase in ROS levels, we did not find 

any deficits in mitochondrial ATP production, mitochondrial membrane potential, mitochondrial 

mass, or mitochondrial morphology in the presence of mHtt. In fact, we observed small increases 

in mitochondrial membrane potential and mitochondrial length and size, pointing to potential 

mitochondrial compensation for increased bioenergetics demands in the presence of mHtt. 

Although a number of different mitochondrial deficits have been described in many different HD 

models, some have also found increases in mitochondrial function in the presence of mHtt (137-

139). Many other studies have found no change in mitochondrial function in the presence of 

mHtt (139-142). It is unclear why some studies are able to demonstrate mitochondrial 

dysfunction in HD, while others are not. A contributing factor may be the ability of cells to 

compensate in the presence of toxic stimuli. Patients with HD remain asymptomatic until their 

40s or even later, demonstrating that mHtt does not acutely damage neurons but does so over 

time as the compensatory mechanisms begin to lose their effectiveness. It may be that different 

HD model systems have different levels of compensatory mechanisms at play, thereby mitigating 

(or not) the degree to which the toxic effects of mHtt on mitochondria can be observed.  
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5.4 POTENTIAL MECHANISMS OF HUNTINGTIN-MEDIATED MODULATION OF 

AUTOPHAGY AND MITOPHAGY  

We used Bayesian regression analysis to determine the relationship between mitochondrial 

clearance, Htt expression, IB formation, and neuronal longevity. As we have shown previously, 

mHtt expression is associated with reduced neuronal survival, while IB formation is associated 

with improved neuronal survival (24, 29). Unexpectedly, we found that increased mitochondrial 

clearance is actually associated with reduced neuronal longevity in both mutant and wild-type 

Htt-expressing neurons. However, in neurons expressing GFP alone, mitochondrial clearance 

was associated with increased longevity. Our results indicate that basally, mitochondrial 

clearance via mitophagy is a marker for improved survival. In the context of Htt expression, 

however, mitochondrial clearance is a toxic pathway that promotes cell death. Htt can act as a 

scaffold for autophagy-related proteins. As both Htt and mHtt were overexpressed in our studies, 

it is possible that overexpression of these proteins resulted in higher-than-normal levels of 

scaffolding of autophagy-related proteins, and overactive autophagy. Indeed, overactive 

mitophagy has previously been shown to lead to cell death (143). Too much of a normal function 

of a polyQ protein leading to cell death has previously been demonstrated in spinal bulbar 

muscular atrophy (SBMA), where normal interactions of the androgen receptor with 

transcriptional coregulators were the cause of toxicity in an SBMA Drosophila model (144, 

145). However, as levels of both wild-type and mHtt increased, mitochondrial clearance rates 

went down, indicating an effort by the cell to compensate for overactive autophagy and 

mitophagy by downregulating these pathways (Fig. 5.1) and thereby improving survival. In 

addition, the effect of mHtt expression on mitophagy is stronger than the effect of wild-type Htt 

on mitophagy (Fig. 3.9d,e), indicating that the presence of the polyQ expansion may additionally 
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contribute to mitophagy downregulation. Although further studies will be necessary to determine 

the mechanism by which Htt regulates autophagy, we have implicated mitochondrial clearance 

as a critical driver in neurodegeneration in HD. 

 

 

 

Prior to undertaking the Bayesian modeling approach to understand the relationships between 

different covariates, we observed that neurons containing IBs had slower autophagic and 

mitophagic turnover than neurons containing diffuse mHtt. This led us to ask whether it was the 

formation of an IB itself or the elevated levels of mHtt present in neurons with IBs. Using our 

covariate analysis, we determined that it was in fact levels of mHtt, not the IB, which determined 

mitophagy rates. However, we also demonstrated that cells with IBs had lower levels of 

autophagy-related proteins such as p62 and optineurin than cells with diffuse mHtt. Thus, it is 

possible that a combination of factors causes the slow autophagy and mitophagy rates in neurons 

with IBs. 

Diffuse mutant
huntingtin

Inclusion body
formation

Neurodegeneration

Mitophagy

Figure 5.1 A model for the effect of mHtt on 
mitochondrial clearance, IB formation, and 
neurodegeneration. Diffuse mutant huntingtin 
levels predict IB formation, and IB formation 
reduces diffuse mutant huntingtin levels, there-
by serving as a coping response. In this study, 
we find that, although the presence of overex-
pressed mHtt induces mitophagy, increasing 
mHtt levels are associated with reduced mito-
phagy. In the context of mHtt expression, mito-
phagy is toxic.
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5.5 CLINICAL IMPLICATIONS 

Our findings have widespread ramifications for the development of therapeutics for HD and 

other neurodegenerative diseases. We have developed a novel assay that measures mitophagy 

dynamically in individual neurons and can be used as a screening platform for future studies 

looking for regulators of neuronal mitophagy for basic science or drug development purposes. In 

addition, our previous studies have shown that neuronal proteostasis capacity is a critical driver 

of neurodegeneration and can be harnessed therapeutically (67, 85, 146). Here we demonstrate 

that mitochondrial quality control pathways are also critical in determining neuronal longevity 

both basally and in the presence of Htt. Although previous attempts to use mitochondrially-

targeted therapeutics, such as coenzyme Q10, in HD clinical studies have failed (147), no studies 

have been conducted specifically targeting mitochondrial quality control pathways. Recent 

efforts focusing on protein quality control pathways such as autophagy have focused on 

stimulating autophagy as a therapeutic mechanism. This study suggests that a nonspecific 

stimulation of autophagy or mitophagy could promote toxicity instead of preventing it. Overall, 

careful further studies are necessary to determine exactly how mitochondrial quality control 

pathways can be modulated to serve as a therapy for HD.  
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Figure A.1 Effect of Atg5/12 knockdown on neuronal mitophagy and survival. (a) Effect of Atg5/12 
knockdown on mitochondrial half-life. Knockdown of both Atg5 and Atg12 signficantly reduced mean half-life 
(left) compared to neurons expressing non-targeting shRNA (NTS) and shifted the distribution of half-lives to 
the left towards shorter half-lives (right). (b) Survival curves of neurons expressing NTS, Atg5 shRNA, or 
Atg12 shRNA. Both Atg5 and Atg12 shRNAs reduced neuronal survival significantly. (c) Effect of Atg5/12 
shRNA on Atg5/12 mRNA levels. Infection of primary neurons with Atg5/12 shRNA-expressing lentivirus 
results in a ~75% reduction in Atg5 mRNA levels (left) and Atg12 mRNA levels (right) as measured by 
qRT-PCR. Complementary DNA (cDNA) levels were normalized to levels of actin cDNA (Actb) in each 
sample. Means across conditions were compared using 1-way ANOVA with Dunnett’s correction or Stu-
dent’s t-test. Distributions were compared using a Mann-Whitney-Wilcoxon test. Survival curves were com-
pared using a log-rank test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001  
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Figure A.2 Effect of mHtt expression on mitochondria-lysosome co-localization (a) Effect of 
Httex1-97Q-EBFP2 expression on LysoTracker Deep Red (LTDR)-MitoTracker Green (MTG) co-localization. 
Neurons were thresholded based on LTDR intensity, and a mask was made of the area encompassed by 
lysosomes in the neuron. This mask was applied to the MTG image, and median MTG intensity in the LTDR 
mask was calculated. No difference was observed in MTG-LTDR co-localization between neurons express-
ing Httex1-25Q-EBFP2 (25Q) or Httex1-97Q-EBFP2 (97Q). (b) Correlation between MTG-LTDR co-localization 
and Htt expression represented by BFP intensity. There is no correlation between 25Q expression and 
MTG-LTDR co-localization (R2=0.0026, p=0.7). Increasing 97Q expression is associated with reduced 
MTG-LTRD co-localization (R2=0.081, p<0.05). (c) Effect of diffuse or IB mHtt on MTG-LTDR co-localization. 
There is no difference in co-localization between neurons that do and don’t have mHtt IBs. Means across 
conditions were compared using 1-way ANOVA with Dunnett’s correction or Student’s t-test. 
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Figure A.3 Validation of FRET-based ATP assay. (a) Effect of 1 μM rotenone treatment on normalized 
FRET (NFRET) in neurons transfected with the ATP sensor. Rotenone significantly decreases NFRET. (b) 
Effect of 1 μM rotenone treatment on NFRET in neurons transfected with a CFP-Venus fusion protein that is 
not responsive to ATP concentration. Rotenone treatment has no effect on NFRET. (c) Effect of 1 μM oligo-
mycin treatment on NFRET in neurons transfected with the ATP sensor. Oligomycin treatment significantly 
decreases NFRET. (d) Comparison of frequent (continuous) vs. infrequent (first and last) imaging on NFRET 
in neurons transfected with the ATP sensor. Continuous imaging results in a significant reduction in NFRET 
over time, potentially due to bleaching of the fluorescence signal. (e) Effect of ATP sensor expression on 
neuronal survival. Transfection of 0.1 μg ATP sensor significantly reduces survival compared to neurons 
transfected with empty vector (pCAG EV). Means across conditions were compared using Student’s t-test. 
Survival curves were compared using a log-rank test. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001  
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Figure A.4 Characterization of ATP signal in primary neurons. (a) Survival curves of neurons transfect-
ed with the ATP sensor that have high initial NFRET (>2) or low initial NFRET (<2). Neurons with low initial 
NFRET had a significantly higher risk of death than neurons with low initial NFRET. (b) Survival times of all 
neurons plotted vs. NFRET signal at first timepoint in each neuron. Neurons with an NFRET value <2 tend 
to die quickly, while neurons with higher NFRET values can live longer. (c) NFRET values of neurons trans-
fected with Httex1-25Q-mCherry and Httex1-97Q-mCherry across different timepoints. 97Q-expressing neu-
rons were segmented into cells that do or do not have IBs. There is no effect of either time or Htt expression 
on NFRET signal. (d) NFRET signal in a set of neurons before and after Httex1-97Q-mCherry IB formation. 
There was no change in NFRET signal after IB formation. Means across conditions were compared using 
Student’s t-test or 2-way ANOVA. Survival curves were compared using a log-rank test. *, p<0.05; **, 
p<0.01; ***, p<0.001; ****, p<0.0001  
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Figure A.5 Effect of low glucose media on neuronal survival and mHtt toxicity. (a) Survival curves of 
neurons grown in normal Neurobasal media (NBM), NBM with 10 mM glucose, NBM with 1 mM glucose, 
and NBM with no glucose. Neurons grown in media with no glucose survive significantly less well than 
neurons grown in normal NBM. (b) Survival curves of neurons expressing GFP or Httex1-97Q-GFP, and 
grown in NBM, 5 mM glucose, or 10 mM glucose. GFP-expressing neurons grown in 5 mM glucose survived 
significantly worse than GFP-expressing neurons grown in NBM. In addition, Httex1-97Q-GFP-expressing 
neurons grown in 5 mM glucose survived significantly worse than Httex1-97Q-GFP-expressing neurons 
grown in NBM. All non-NBM conditions have 10 mM pyruvate supplemented in addition to the glucose 
concentration listed. Survival curves were compared using a log-rank test. ****, p<0.0001  
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Fig A.6 Effect of CCCP treatment on TMRM intensi-
ty in neurons. TMRM-labeled neurons were treated 
with 1 μM CCCP for ~80 min. CCCP treatment signifi-
cantly reduces TMRM fluorescence intensity in neuro-
nal cell bodies.






