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Abstract

Huntington’s disease (HD) is a progressive neurodegenerative disorder with clinical presentations 

of moderate to severe cognitive, motor, and psychiatric disturbances. HD is caused by the 

trinucleotide repeat expansion of CAG of the huntingtin (HTT) gene. The mutant HTT protein 

containing pathological polyglutamine (polyQ) extension is prone to misfolding and aggregation 

in the brain. It has previously been observed that copper and iron concentrations are increased in 

the striata of post-mortem human HD brains. Although it has been shown that the accumulation 

of mutant HTT protein can interact with copper, the underlying HD progressive phenotypes 

due to copper overload remains elusive. Here, in a Drosophila model of HD, we showed 

that copper induces dose-dependent aggregational toxicity and enhancement of Htt-induced 

neurodegeneration. Specifically, we found that copper increases mutant Htt aggregation, enhances 
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the accumulation of Thioflavin S positive β-amyloid structures within Htt aggregates, and 

consequently alters autophagy in the brain. Administration of copper chelator D-penicillamine 

(DPA) through feeding significantly decreases β-amyloid aggregates in the HD pathological 

model. These findings reveal a direct role of copper in potentiating mutant Htt protein-induced 

aggregational toxicity, and further indicate the potential impact of environmental copper exposure 

in the disease onset and progression of HD.

Introduction

Huntington’s disease (HD) is an autosomal dominant, adult-onset, and progressive rare 

neurodegenerative disorder caused by the unstable CAG repeat expansion in exon 1 of the 

HTT gene [1]. It encodes a stretch of polyglutamine (polyQ) residues at the N-terminus 

of the huntingtin (HTT) protein, in which more than 35 repeats causes disease [2]. 

Over the course of 10-20 years before death, the most common symptoms individuals 

manifest include progressive motor impairments such as chorea and gait disturbances, as 

well as neuropsychiatric symptoms such as depression, dementia, anxiety, and loss of 

self and spatial awareness [3–5]. Endogenous HTT is widely expressed in the nervous 

system and in all peripheral tissues [6, 7]. Specifically, it is found in neural cell bodies, 

dendrites, and it is enriched in nerve terminals. It acts as a scaffold and is involved in 

vesicular transport, neurotransmitter release, cell signaling, endocytosis, autophagy, and 

transcriptional regulation [5, 7–10]. The first brain region affected in HD is the basal 

ganglia (caudate nucleus and putamen) where the mutant HTT protein causes the disruption 

of several downstream pathways, resulting in neuronal death and glial activation [11]. 

Moreover, human HTT with expanded polyQ repeats have been shown to misfold and form 

soluble monomeric and oligomeric proteins, as well as insoluble aggregates in vitro and in 

vivo [12–14].

Essential elements such as copper, zinc, and manganese are essential for life, but they are 

only required in trace levels since excessive metal accumulation in the brain is deleterious 

and may cause several detrimental effects that lead to neurodegeneration, such as inducing 

oxidative stress, mitochondrial dysfunction, and protein misfolding [15–19]. Brain is the 

organ with the second largest copper accumulation and is particularly susceptible to metal 

toxicity [17]. Importantly, abnormal iron, copper, and manganese homeostasis has been 

observed in the brains of HD patients and in animal models [12, 20–22]. In contrast, 

it has been shown that there is no difference of Cu levels in the blood of HD patients 

[15, 23]. However, this could be due to the fact that copper is available to brain cells 

from cerebrospinal fluid (CSF). The normal range of serum copper concentrations in 

adults is 5-25 μM, of which approximately 95% is bound to ceruloplasmin (Cp), and 

the concentration of copper in the CSF is approximately 70-80 μM, which is at least 

three-fold higher compared to the serum, therefore increasing the possibility of specific 

copper signaling in the brain [17, 23].

Humans obtain their daily source of 1mg of copper through diet, including fruits, whole 

grains, vegetables, chocolate, mushrooms, seafood, and nuts [17, 22, 24–26]. In addition, 

major commercial uses of copper include electrical wiring, pipes, valves, coins, and cooking 
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utensils [24, 27]. Biologically, copper is involved in respiration, oxidative stress protection, 

pigmentation, iron homeostasis, and neurotransmitter biosynthesis [16, 18, 19, 26, 28]. Most 

of these enzymatic reactions rely on the ability of copper to undergo redox transitions 

between the reduced Cu(I) cuprous ion and the oxidized Cu(II) cupric ion states [16, 17, 28, 

29]. Therefore, copper has the potential to promote altered mutant huntingtin conformation, 

aggregation, and redox activity [30, 31]. Although it has been shown that the accumulation 

of mutant HTT protein can interact with copper, the underlying HD progressive phenotypes 

due to copper overload remains elusive. We previously optimized a Drosophila model 

for HD and discovered an age-dependent, compartment-specific accumulation of mutant 

Htt aggregates that are Thioflavin S positive (ThS+) and display amyloid-like adhesive 

properties that lead to clustering of mitochondria and synaptic components, which contribute 

to mutant Htt-induced neurotoxicity [32]. In this study, we specifically assess the effect 

of copper in Htt aggregation and neurodegeneration in a Drosophila model of HD, reveal 

the interaction between Cu and Htt protein aggregation in potentiating Htt protein-induced 

neurodegeneration, and further indicate the potential impact of environmental copper 

exposure in the disease pathology of HD.

Results

Copper enhances Htt-induced synaptic degeneration

Previous studies have reported the general toxicity of Cu exposure in wild type flies where 

1mM Cu2+ exposure resulted in a significant decrease in survival [26], as well as in a HD 

model with 93 polyglutamine expansion (Htt-Q93) where 0.25mM CuCl2 feeding resulted in 

reduced survival rate [12]. To assess the effect of dietary copper exposure in a Drosophila 
model of HD, we established a copper dose-dependent feeding paradigm consisting of 

feeding 0 mM, 0.25 mM, or 0.50 mM CuCl2 from eclosion, and analyzed the cellular and 

biochemical properties at specific time points and ages (Figure 1A). To determine if there 

was a difference in feeding due to the presence of copper in the food, a measurement of food 

intake was performed. Flies of 2-5 DAE were starved for 2 hours and then allowed to feed 

from a 5% sucrose and 3% Coomassie brilliant blue dye solution. The amount of blue dye 

in the abdomen would correlate with the amount of food intake. The measurement of the 

concentration of blue dye present in the tissue extract showed no significant difference in 

feeding among CuCl2 concentrations, however, interestingly, a genotype-specific significant 

increase of food intake was observed in flies expressing Htt-Q138 when compared to that of 

Htt-Q15 (Figure 1B).

To demonstrate the accuracy of the concentration of copper after CuCl2 is incorporated into 

the food, we determined the concentration of Cu2+ in the food using electron paramagnetic 

resonance spectroscopy (EPR). EPR is a sensitive spectroscopic technique that can be used 

to characterize the spin states and local environments of paramagnetic centers, such as 

Cu2+, Fe3+, and Mn2+ among others [33, 34]. Although inductively coupled plasma mass 

spectrometry (ICP-MS) is a powerful tool to determine the concentrations of trace metals, 

EPR is uniquely suited for determination of Cu2+ concentrations (into the low micromolar 

concentration range), as well as paramagnetic organic radicals that may be present in the 

sample. Furthermore, oxidation state specific analysis is important, as Cu+/Cu2+ speciation 
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may offer the potential for side reactions that are accessible in biological systems. Since 

CuCl2 was added during preparation of the Drosophila food, EPR quantitation provides an 

accurate measure of the sample, in a more comparable state, as opposed to other analytical 

methods. In this experiment, 3 food vials of each concentration were used to measure 

accuracy between vials and copper concentration between groups. Quantitative analysis of 

copper concentration is performed via double integration of the EPR spectrum to determine 

the area under the curve and comparing this value to that for a spin standard of known 

concentration. The experimental data are plotted with magnetic field (in Gauss) on the 

x-axis. The curves show characteristic EPR signals for Cu2+, each with four hyperfine 

features centered around g=2.00. Double integration of the experimental EPR spectra shown 

in (Figure 1C) relative to a spin standard enabled quantitative determination of copper 

concentration in each food vial. From this analysis we calculated a final concentration of 

0.103±0.004 mM copper in the 0.25 mM CuCl2 food sample, and 0.187±0.007 mM for 

the 0.50 mM CuCl2 fly food sample (Figure 1C). The experimentally-determined Cu(II) 

concentrations (0.103 and 0.187 mM) were lower than expected (0.25 and 0.50 mM), likely 

due to the fact that EPR measures Cu(II) EPR-active species, thus suggesting that there 

were likely other copper species present in the Drosophila media that were EPR silent under 

the measurement conditions. For this manuscript, we use 0.25 and 0.50 mM to indicate the 

reconstituted copper concentration.

Copper modulates synaptic activity as well as excitotoxic cell death and neurotrophic 

induced signaling cascades, therefore it is important for a variety of neuronal functions 

[17]. Previous studies have shown HD mice models with significant brain atrophy and loss 

of striatal volume, as well as caspase cleavage of mutant Htt being required for striatal 

volume loss [35, 36]. To analyze copper induced morphology and synaptic integrity changes, 

we took advantage of the Drosophila visual system, where the photoreceptor neurons are 

highly organized in parallel columns and make synapses with lamina monopolar cells. 

Age-dependent and copper concentration-dependent changes to the lamina were assessed 

by analyzing active zone marker bruchpilot (BRP) and apoptosis marker cleaved caspase-3 

(cCas3) (Figure 1D). As a result of both 0.25 mM CuCl2 and 0.50 mM CuCl2 feeding, 

a decrease of tissue thickness of the lamina neuropil is shown (Figure 1E), as well as a 

decrease of BRP intensity at both 10 DAE and 20 DAE when compared to the 0 mM CuCl2 

group, indicating synaptic degeneration (Figure 1F).

Apoptosis occurs normally during development and aging as a homeostatic mechanism to 

maintain cell populations in tissues [37]. To investigate the state of neuronal cell death, 

an apoptosis marker cleaved caspase-3 (cCas3) was used [37]. A significant increase in 

cCas3 intensity was observed at 20 DAE with feeding of CuCl2 (Figure 1G), suggesting 

exacerbated apoptosis by Cu feeding. To dissect and extract potential HD-specific toxicity 

from the general copper toxicity, we examined the effect of copper on flies expressing 

the Htt protein with non-pathological Q15 expansion [38]. Htt-Q15 flies were fed in the 

same conditions and assessed at 10 DAE and 20 DAE for synaptic phenotypes (Figure 

2A). Interestingly, no difference in tissue thickness was observed (Figure 2B), indicating 

that synaptic integrity was largely intact with copper feeding. However, there was an age-

dependent decrease in BRP intensity with 0.50 mM CuCl2 feeding (Figure 2C), suggesting a 

loss of active zone protein. In addition, cleaved caspase-3 intensity was increased at 20 DAE 
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with 0.50 mM CuCl2 (Figure 2D). Collectively, these results indicate that copper has a mild 

effect on synaptic integrity in a non-pathological model, however, the effects of copper are 

significantly substantiated in a pathological model of HD.

Copper increases Thioflavin S positive (ThS+) Htt aggregates

Aggregational toxicity is associated with Huntington’s Disease. Previous studies indicated 

that polyQ aggregation is an ordered process resembling amyloid fibril formation in both 

assembly kinetics and aggregate structures [39]. To analyze the properties of the aggregates 

in our model, we used Thioflavin S (ThS), which is a fluorescent dye used to detect 

β-amyloid sheet formation [40]. Fly brains from 5 DAE, 10 DAE, and 15 DAE fed with 

0 mM, 0.25 mM, or 0.50 mM CuCl2, were dissected and probed for ThS (Figure 3A). 

Copper feeding at all ages increased aggregate intensity, compared to the 0 mM feeding 

group (Figure 3B). Specifically, at 5 DAE and 10 DAE, copper feeding at 0.50 mM CuCl2 

significantly increased the number of aggregates per lamina (Figure 3C). To further assess 

the toxicity of these aggregates, we determined the number and percent of ThS+ aggregates 

per lamina. At 15 DAE with 0.50 mM CuCl2, there is a significant increase in both number 

(Figure 3D) and percentage (Figure 3E) of ThS+ aggregates per lamina. Lastly, to identify 

any specific potential effect of copper on size of the aggregates, we determined the changes 

of aggregate population based on size. Interestingly, copper had no effect on the number 

of large aggregates (>10 μm2) and a minor effect on the number of medium aggregates 

(5-10 μm2), but there was a significant increase on the number of small aggregates (<5 

μm2) at 5 DAE and 10 DAE (Figure 3F). These results show that copper promotes the 

formation of β-amyloid structures in aggregates and specifically enhances the formation of 

small aggregates.

Copper enhances the association of autophagy initiation factor Ref(2)P with Htt 
aggregates

The ubiquitin-proteasome system (UPS) and autophagy are the major mechanisms for 

removing unfolded proteins. Autophagy plays a particularly important role in promoting the 

health of neuronal cells, which accumulate ubiquitinated protein aggregates when autophagy 

is impaired [41]. It has been previously shown that autophagy plays a key role in degrading 

mutant Htt [42]. The initiation of autophagy begins with Ref(2)P, which is the Drosophila 
homolog of human p62/SQSTM1, an adaptor protein that tethers ubiquitinated Htt for 

degradation [32, 43]. We have previously observed that Ref(2)P forms a ring-like structure 

surrounding large Htt aggregates [32, 43]. To assess how copper affects the interaction 

between Htt aggregates and Ref(2)P, an immunofluorescence approach was used to assess 

endogenous Ref(2)P expression and localization. Htt-Q138 was overexpressed in flies using 

elav-GAL4, a pan-neuronal driver, and fed with the three different concentrations of CuCl2. 

The data shows the co-localization between Htt and Ref(2)P (Figure 4A). To further analyze 

these aggregates, we quantified them by total size, size distribution, and intensity. We found 

that the concentration of 0.50 mM CuCl2 feeding increased total Htt aggregates size (Figure 

4B). Interestingly, consistent with our aggregates analysis in Figure 3, when we grouped 

the aggregates by size, we found that a significant increase in the number of only small 

aggregates (<5 μm2) but not in the number of medium (5-10 μm2) or large aggregates (>10 

μm2) suggesting that copper specifically promotes the formation of small aggregates (Figure 
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4C). In addition, copper feeding with either 0.25 mM or 0.50 mM CuCl2 increased total 

intensity of Htt aggregates when compared to the 0 mM control group (Figure 4D).

To start to evaluate the mechanism underlying the effect of copper on Htt aggregation, we 

examine the relationship between Ref(2)P and Htt aggregates. We determined the percentage 

of Ref(2)P+ Htt aggregates per brain, and we observed an increase in the 0.50 mM CuCl2 

group (Figure 4E). The increased colocalization between Ref(2)P and Htt aggregates is 

likely a consequence of increased Htt aggregation. Association with Ref(2)P indicates the 

initiation of autophagy process but not the clearance or degradation of the aggregates. The 

increased colocalization between Ref(2)P and Htt aggregates could also be the result of a 

block of downstream autophagic flux and an accumulation of the phagophore at Ref(2)P 

associated state. This can also be due to the Ref(2)P/p62 protein level increases after oxygen 

radical stress [43]. Lastly, while previous research shows that Htt-Q138 overexpression 

reduces brain size [32], the results from this experiment reveal an exacerbated phenotype 

of significantly reduced brain size due to copper feeding at 5 DAE with 0.50 mM CuCl2 

(Figure 4F).These results reveal that copper is enhancing Htt induced aggregation and 

toxicity by enhancing the association between Ref(2)P and Htt aggregates.

Chelation agent D-penicillamine decreases ThS+ Htt aggregates

The HD treatment currently available is limited to suppressing chorea and battling the 

mood-altering aspect of the disorder [3, 4, 44]. Administration of D-penicillamine (DPA) 

is mainly used as a copper chelating agent in copper poisoning and in the treatment of 

Wilson’s Disease, demonstrating reduction of copper and increase in urine excretion [25, 45, 

46]. DPA is a thiol with a sulfhydryl group that binds copper, therefore it is proposed to be 

able to remove the accumulated copper. [25]. Administration of DPA has also been observed 

to prolong survival of wild-type flies and protect against Cu2+ induced mortality [26]. DPA 

has the ability to function as a mono-, bi-, or tridentate ligand [26]. To determine whether 

feeding DPA would ameliorate the Htt-induced aggregate toxicity, Htt-Q138 flies were fed 

with 0.50 mM CuCl2 from eclosion and switched at 10 DAE to food containing DPA at 

concentrations of 0 mM, 0.05 mM, or 0.10 mM for 5 days (Figure 5A). Then, at 15 DAE, 

the amyloid-like properties of the Htt aggregates by ThS staining were assessed (Figure 

5B). Feeding 0.10 mM DPA significantly decreased the number of ThS+ Htt aggregates per 

lamina (Figure 5C). In addition, flies fed with either 0.05 mM or 0.10 mM DPA showed 

decreased aggregate intensity (Figure 5D) and aggregate size (Figure 5E). Collectively, these 

results indicate the beneficial effect of copper chelation with D-penicillamine, where DPA 

feeding reduced mutant Htt aggregation and the accumulation of β-amyloid-like structures.

Discussion

In this study, we examined the effect of copper on the toxicity of mutant Htt protein with 

polyglutamine expansion in a Drosophila model of HD. We discovered that dietary copper 

increased cytotoxicity of mutant Htt aggregates in a dose-dependent manner. Specifically, 

copper promoted the formation of small aggregates, enhanced the accumulation of ThS+ 

amyloid-like structures, and increased the association of autophagy initiation factor Ref(2)P 

with the Htt aggregates. As a result, synaptic degeneration was exacerbated by dietary 
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copper, evidenced by increased caspase-mediated apoptosis activity, tissue thinning of 

lamina neuropil, and reduced brain size. Strikingly, copper chelation with D-penicillamine 

feeding reversed the impact of copper, reduced the number of aggregates, and decreased 

the accumulation of β-amyloid-like structures within aggregates. This work proposes a 

mechanistic model of the potential impact of dietary copper in HD pathology and further 

suggests the promising effect of copper chelation as a therapeutic venue (Figure 6).

Copper is essential for nervous system development [47], mitochondrial activity, synaptic 

transmission, and defense against oxidative stress [17]. Copper enters the brain through 

the Cu transporter located at the brain barriers in a controlled manner. The blood-brain 

barrier (BBB) and blood-cerebrospinal fluid barrier (BCB) regulate copper homeostasis in 

the brain [48]. Altered metal accumulation has been implicated directly or indirectly in 

the pathogenesis of multiple neurological diseases including Alzheimer’s Disease (AD), 

Parkinson’s Disease (PD), Amyotrophic Lateral Sclerosis (ALS), Menkes Disease, Wilson’s 

Disease, and Huntington’s Disease [17, 31]. The neurotoxicity of excessive copper is not 

only by promoting protein aggregation, but also related to the production of reactive oxygen 

species (ROS) [49]. The brain is especially vulnerable to attack by ROS [48]. In AD, 

serum copper levels were approximately 54% higher in patients than those in controls, 

and the presence of APOε4 gene is associated with higher serum copper concentrations 

[17, 31]. Aberrant copper-protein interactions with amyloid precursor protein, β-amyloid 

peptide and α-synuclein have been implicated in AD and PD, respectively [17, 50, 51]. For 

example, Aβ aggregates can produce ROS in the presence of copper ions.[48]. In Wilson’s 

Disease, there is impairment in the ability of copper to be incorporated into ceruloplasmin, 

which contains 95% of blood copper [31]. Other evidence suggests that copper contributes 

to ALS pathogenesis through enhanced free radical generation that leads to increased 

neuronal damage [52]. In addition, it has been previously shown that N171 fragment of 

huntingtin reduced Cu2+ in vitro, indicating a very redox active state [13, 30]. Hence, tight 

regulation of copper metabolism is necessary to ensure normal function without leading to 

toxic effects that could enhance disease progression. A previous study using a cell culture 

model of α-synuclein aggregation detected a connection between metals and the formation 

of aggregates where cells with increased sensitivity to Cu toxicity showed increased 

aggregation, and reduction in cellular Cu resulted in a dramatic decrease in aggregate 

formation [27, 53]. Mutant HTT protein has been shown to interact with copper by oxidizing 

the polyglutamine-containing N171 fragment of huntingtin and promoting aggregation [13, 

30], although the underlying mechanisms of how copper overload promotes HD progression 

remains elusive. It has been shown that mutant Htt proteins with polyglutamine expansion 

exert cytotoxicity through disruption of nuclear cytoplasmic transport [54–56], blocking 

trafficking [57], and sequestering of mitochondria and synaptic proteins due to increased 

age-dependent adhesiveness [32]. We hypothesize that accumulation of copper, or reduced 

copper clearance, is an indirect consequence of Htt protein dysfunction, that in turn, 

produces a feedback loop that exacerbates disease pathology. Our study here showed 

that copper specifically promoted the formation of amyloid-like, ThS+ structures that are 

responsible for the adhesiveness property, suggesting exacerbated aggregational toxicity by 

copper overload.
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Metal-binding proteins fold in cellular environments where their cognate metals are present 

free in solution or bound to delivery proteins [58]. Excess copper in the brain can be 

released into the cerebrospinal fluid (CSF) and is taken up by the cells that form the 

blood-cerebrospinal fluid barrier (BCB) [48]. Formation of dimers or high order oligomeric 

forms may influence the protein misfolding and accumulation [59]. The process of amyloid 

fiber formation involves the protein monomer forming a nucleating ‘seed’ that is then 

followed by a more rapid self-templated growth where the ends of existing fibers recruit 

protein monomer and so extend fiber length [59]. It is known that small diffusible oligomers 

of Aβ in Alzheimer’s Disease are more neurotoxic than the mature amyloid fibers [59]. 

Interestingly, our study found that copper selectively increased the number of small 

aggregates without affecting the population of medium or large aggregates. This observation 

suggests that copper likely interacts with Htt monomers and oligomers and promotes the 

nucleation of the Htt aggregates. These results also correlate with a previous study indicating 

that copper can interact with huntingtin, and that excess copper may be contributing to 

a toxic microenvironment, through catalyzing toxic cellular reactions [30]. Our in vivo 

observation suggests an active role of copper in promoting the formation of small aggregates 

and supports the connection between copper and more aggressive protein aggregation.

The current HD treatment available is limited to suppressing chorea and battling the 

mood-altering aspect of the disorder. In this study, copper chelator D-penicillamine (DPA) 

was tested as a potential treatment to reduce HD-relevant molecular phenotypes. DPA 

functions by mobilizing tissue copper stores and its long-term use is associated with 

normalization of body copper balance [25]. DPA is currently used for Wilson’s Disease 

(WD), cystinuria, and rheumatoid arthritis, as well as for heavy metal toxicity [60]. In 

Wilson’s Disease specifically, clinical studies showed that DPA improved symptoms in 78% 

of all WD patients and in 56.3% of neurological WD patients [61]. The lower improvement 

rate with DPA treatment observed in neurological WD patients might be due to its low 

penetrance through the blood-brain barrier and fast elimination rate from the blood [60]. 

In this study, we took advantage of the high penetrance of the primitive hemolymph-brain 

barrier blood-brain barrier in Drosophila [62] and administered DPA through diet. We found 

that DPA feeding in copper-exposed HD pathological models resulted in a remarkable 

decrease in mutant Htt aggregation as well as the accumulation of toxic β-structures that 

are predominantly associated with pathological adhesiveness and sequestration of cellular 

organelles. These results highlight the beneficial effects of DPA in HD. It is encouraging 

to note that there have been efforts in developing methods including using nanoparticles 

to prolong the half-life of D-penicillamine in the body as well as enhance brain uptake 

[60]. Overall, our study underscores the risk of copper overexposure and the therapeutic 

potential of DPA, thus leading us to conclude that limiting free copper exposure may provide 

neuroprotective effects in Huntington’s Disease.

Methods

Electron Paramagnetic Resonance (EPR) spectroscopy measurement:

To prepare the EPR samples, 0.25 mM and 0.50 mM food samples were redissolved in 

distilled water. Glycerol was added as a glassing agent at a final 10% v/v ratio. To liquify the 
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samples and transfer them into the EPR tubes, both samples were heated in a 70-80 °C water 

bath for 45 min. The dissolved samples were filtered using 0.22 μm syringe filters to remove 

undissolved particulates. Samples were then frozen in liquid nitrogen until they could be 

measured. The spectra presented here were recorded at 77K using a cryogen-free, variable 

temperature Bruker EMXplus X-band CW EPR spectrometer. All data were collected under 

non-saturating conditions and with a fixed microwave frequency of 9.65 GHz. Data were 

visualized and analyzed using the SpinCount software package from Professor Michael 

Hendrich (Carnegie Mellon University). To quantitatively determine the concentration of 

copper in each sample, we calculated the double integrals of the experimental data and 

compared these values to the double integrated curves for our standard solutions (0.25 mM 

and 0.50 mM CuCl2 spin standards of known concentration). The expression to calculate/

quantify the unknown concentration is given below.

Concentration of spins in unknown = Concentration of spins in standard × CDBLI (unknown)
CDBLI (standard)

where, CDBLI= Corrected Double integral. A quantitative analysis of this type allows for 

detection into the low micromolar concentration range and offers the ability to assess purity 

of the metal speciation in the food samples. Additionally, because the samples are frozen, 

they can be thawed and recovered after recording the experimental spectra.

Drosophila stocks and experimental procedures:

The following fly strains were used in this study: UAS-RFP-HttQ15 and UAS-RFP-HttQ138 

obtained from Dr. J. Troy Littleton [38], GMR-GAL4, and elav-GAL4 obtained from 

Bloomington Drosophila Stock Center. Flies were reared on cornmeal-molasses-yeast 

medium at 22°C, 65% humidity, with 12 h light / 12 h dark cycles. For feeding experiments, 

CuCl2 was dissolved in water and then mixed into 5 mL fly food with respective 

concentrations. 100mg of D-penicillamine was dissolved in 10 mL water and then mixed 

into 5 mL fly food with respective concentrations. An equal amount of water was mixed into 

the fly food as a control. The vials were dried at room temperature for 12 h before feeding.

Measurement of Drosophila food intake:

Feeding protocol was adapted from [63]. To examine food intake, 2-5 DAE flies were 

starved for 2 hours at room temperature in vials containing only a filter paper with water. 

After starvation, flies were immediately transferred into vials with a Kimwipe containing 

5% sucrose and 3% Coomassie Brilliant Blue dye (Fluka C#27816) and were allowed to 

feed for 1 hour at room temperature. Flies were then frozen, homogenized, and centrifuged. 

The absorbance of the supernatant was read at 595 nm on a FluoStar Omega plate reader. 

The volume of solution ingested was calculated by comparing the net absorbance against a 

standard curve.

Drosophila CNS immunostaining, confocal imaging, and analysis:

Adult brains were dissected in phosphate-buffered saline (PBS, pH 7.4) followed by 

fixing in 4% formaldehyde for 10 min as previously described [64]. Samples were then 

washed in PBS containing 0.4% v/v Triton X-100 (PBTX) and incubated with primary 
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antibodies followed by incubation with secondary antibodies. All antibodies were diluted 

in 0.4% PBTX with 5% normal goat serum and incubated 4°C overnight. DAPI (1:330, 

Invitrogen Ca# D1306) staining was performed at room temperature for 10min before 

mounting. The samples were mounted on glass slides with VECTASHIELD Antifade 

Mounting Medium (Vector Laboratories). The following primary antibodies were used: 

mouse anti-BRP antibody (1:250, Developmental Studies Hybridoma Bank Ca# NC82,), 

rabbit anti-cleaved Caspase-3 antibody (1:250, Cell Signaling Ca# 9661), and rabbit anti-

Ref(2)P antibody (1:250, abcam Ca# ab178440). The following secondary antibodies were 

used: Alexa Fluor 488-conjugated anti-mouse secondary antibody (1:300, Invitrogen Ca# 

A21121) and Alexa Fluor Cy5-conjugated anti-rabbit secondary antibody (1:300, Rockland 

Ca# 611-110-122). Slides were imaged using an Olympus IX81 confocal microscope 

with 40x or 60x oil immersion objective lens with a scan speed of 8.0 μs per pixel and 

spatial resolution of 1,024x1,024 pixels. Images were processed using FluoView 10-ASW 

(Olympus). Quantification was carried out using ImageJ/Fiji (1.53q).

Thioflavin S (ThS) staining:

Adult brains with lamina were dissected in PBS (pH 7.4) and then fixed in 4% formaldehyde 

for 15 min, permeabilized with PBTX for 10 min (3 times), and washed with PBS for 5 

min. 400 μL of 1mg/mL ThS (Sigma-Aldrich) diluted in distilled water was added to the 

samples and incubated for 30 min at room temperature. Lastly, samples were washed 3 times 

with distilled water, and mounted on glass slides with VECTASHIELD Antifade Mounting 

Medium.

Statistical analyses:

Biological sample size (n) and p values are indicated in the corresponding figure legends. 

One-way ANOVA or Two-way ANOVA with Tukey post-hoc test was applied to compare 

multiple groups. p < 0.05 was considered statistically significant. All statistical analyses 

were performed in GraphPad Prism software (version 10.0).
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Highlights

• Copper enhances huntingtin aggregational toxicity and synaptic degeneration.

• Copper increases Thioflavin S positive amyloid-like huntingtin aggregates.

• Copper enhances binding of autophagy factor Ref(2)P with huntingtin 

aggregates.

• Chelation agent D-penicillamine significantly decreases amyloid-like 

structures.
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Figure 1: Copper enhances Htt-induced synaptic degeneration.
(A) CuCl2 feeding paradigm. Pathological Htt-Q138 flies were driven by GMR-GAL4 

and fed with different concentrations of CuCl2 until 20 DAE and assessed cellular and 

biochemical properties. (B) Measurement of food intake (μL/fly/60 minutes feeding) of 

GMR>Htt-Q15 and GMR>Htt-Q138 flies during a 1hr feeding session following 2hrs 

starvation. n=3 biological replicates with 4-5 flies per group. (C) X-band (9.63 GHz 

microwave frequency) EPR spectra for samples prepared as 0.25 mM (red) and 0.5 mM 

(black) CuCl2. Data were recorded at 77 K, using 6.325 mW microwave power. Markers 

for g-values and hyperfine splitting (A‖) are also shown in the figure. (D) Lamina structures 

at 10 DAE and 20 DAE probed for BRP (green) and cCas3 (gray). Scale bar = 30μm. (E) 

Quantification of tissue thickness of lamina neuropil (white bars shown on panel C). (F) 
Quantification of BRP intensity. (G) Quantification of cleaved caspase-3 intensity. Data are 

presented as mean ± SD. n=3-5, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 2: Copper mildly decreases active zone protein BRP in a non-pathological model.
(A) Non-pathological Htt-Q15 flies were driven by GMR-GAL4 and fed with different 

concentrations of CuCl2 until 10 DAE and 20 DAE. Lamina structures at 10 DAE and 20 

DAE were stained for BRP (green) and cCas3 (gray). Scale bar = 30μm. (B) Quantification 

of tissue thickness of lamina neuropil (white bars shown on panel A). (C) Quantification of 

BRP intensity. (D) Quantification of cleaved caspase-3 intensity. Data are presented as mean 

± SD. n=3-5, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3: Copper increases ThS+ Htt aggregates.
(A) ThS staining of the lamina layer (ThS and RFP-Htt heatmaps 0-4095) at 5 DAE, 10 

DAE, and 20 DAE. Scale bar: 30μm (B) Quantification of Htt aggregates intensity. Data are 

presented as box and whiskers plot, 5-95 percentile. (C) Quantification of Htt aggregates 

number per lamina. Data are presented as mean ± SD. (D) Number of ThS+ aggregates per 

lamina. Data are presented as mean ± SD. (E) Percentage of ThS+ aggregates per lamina. 

Data are presented as mean ± SD. (F) Quantification of number of aggregates per lamina 
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separated by size: Small (<5 μm2), Medium (5-10 μm2) and Large (>10 μm2). Data are 

presented as mean ± SD. n=3-8, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4: Copper increases Ref(2)P+ Htt aggregates.
Pathological Htt-Q138 flies driven by elav-GAL4 were fed with different CuCl2 

concentrations until 5 DAE. (A) Midbrain shown with accumulation of Htt aggregates 

(heatmap 0-4095). Merged image of Htt aggregates (magenta) and Ref(2)P (green) staining. 

Yellow boxed areas are shown in higher magnification. Yellow arrows pointing at co-

localization. Scale bar = 30 μm. (B) Quantification of total aggregate size. Data are 

presented as box and whiskers plot, 5-95 percentile. (C) Quantification of size distribution. 

Small aggregates are classified as <5 μm2, medium aggregates as 5-10 μm2, and large 
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aggregates as >10 μm2. Data are presented as violin plot with quartiles. (D) Quantification 

of total aggregate intensity. Data are presented as box and whiskers plot, 5-95 percentile. (E) 

Quantification of percentage of Ref(2)P+ aggregates per lamina. Data are presented as mean 

± SD. (F) Quantification of midbrain. Data are presented as mean ± SD. n=3-5, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 5: Chelation decreases ThS+ Htt aggregates.
(A) DPA feeding paradigm. Pathological Htt-Q138 flies driven by GMR-GAL4 were fed 

with 0.50 mM CuCl2 until 10 DAE, then switched to DPA feeding. Biochemical properties 

of aggregates were assessed at 15 DAE. (B) ThS staining of lamina layer (ThS and RFP-Htt 

heatmaps 0-4095) at 15 DAE. Scale bar: 30 μm. (C) Quantification of ThS+ aggregates per 

lamina. Data is shown as mean ± SD. (D) Quantification of aggregates intensity. Data is 

shown as box and whiskers plot, 5-95 percentile. (E) Quantification of aggregates size. Data 

is shown as box and whiskers plot, 5-95 percentile. n=6-8, *p<0.05, ****p<0.0001.
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Figure 6: Copper enhances aggregational toxicity of mutant huntingtin.
Schematic model of synapse showing that under normal copper concentration, there is 

cytotoxicity of mutant Htt aggregates, and some co-localization of Ref(2)P with the 

aggregates. Under high Cu exposure, there is increased Ref(2)P clustering with Htt 

aggregates, increased cell death, and reduced BRP levels at the synapse. After Cu2+ 

chelation by DPA feeding, there is reduced Htt aggregates clustering.
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