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Biosynthesis of Neuroprotective Melatonin is Dysregulated in 
Huntington’s Disease

Jinho Kim1, Wei Li1, Jingjing Wang1, Sergei V. Baranov1, Brianna E. Heath1, Jiaoying 
Jia1, Yalikun Suofu1, Oxana V. Baranova1, Xiaomin Wang1, Timothy M. Larkin1, William R. 
Lariviere1, Diane L. Carlisle1, Robert M. Friedlander1

1Neuroapoptosis Laboratory, Department of Neurological Surgery, University of Pittsburgh School 
of Medicine, Pittsburgh, PA, USA, 15213

Abstract

Huntington’s disease (HD) is a progressive neurodegenerative brain disorder associated with 

uncontrolled body movements, cognitive decline, and reduced circulating melatonin levels. 

Melatonin is a potent antioxidant and exogenous melatonin treatment is neuroprotective in 

experimental HD models. In neurons, melatonin is exclusively synthesized in the mitochondrial 

matrix. Thus, we investigated the integrity of melatonin biosynthesis pathways in pineal and 

extrapineal brain areas in human HD brain samples, in the R6/2 mouse model of HD and 

in full length mutant huntingtin knock-in cells. Aralkylamine N-acetyltransferase (AANAT) 

is the rate limiting step enzyme in the melatonin biosynthetic pathway. We found that 

AANAT expression is significantly decreased in the pineal gland and the striatum of HD 

patients compared to normal controls. In the R6/2 mouse forebrain, AANAT protein expression 

was decreased in synaptosomal, but not non-synaptosomal, mitochondria and was associated 

with decreased synaptosomal melatonin levels compared to WT mice. We also demonstrate 

sequestration of AANAT in mutant-huntingtin protein aggregates likely resulting in decreased 

AANAT bioavailability. Paradoxically, AANAT mRNA expression is increased in tissues where 

AANAT protein expression is decreased, suggesting a potential feedback loop that is, ultimately 

unsuccessful. In conclusion, we demonstrate that pineal, extrapineal, and synaptosomal melatonin 

levels are compromised in the brains of HD patients and R6/2 mice due, at least in part, to protein 

aggregation.
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INTRODUCTION

Huntington’s disease (HD) is a progressive neurodegenerative disorder affecting basal 

ganglia and cortex, resulting in uncontrolled body movements, cognitive decline and 

premature death 1,2. HD is caused by a mutation in the huntingtin gene, which harbors 

an expanded number of CAG repeats encoding a toxic polyglutamine chain. Reduced 

plasma melatonin levels have been demonstrated in presymptomatic human HD patients, 

with disruption of circadian pineal melatonin biosynthesis occurring early in the disease 
3,4. Melatonin is a potent antioxidant and has receptor-mediated neuroprotective properties 
5,6. Exogenous melatonin is neuroprotective in vivo in acute and chronic neurodegenerative 

animal models, including in HD 6,7, amyotrophic lateral sclerosis (ALS) 8–10, Alzheimer 

Disease (AD) 11–13, Parkinson’s Disease (PD) 14–16, multiple sclerosis (MS) 17, and stroke 
18–20. Melatonin-mediated neuroprotection results, at least in part, due to its ability to 

inhibit mitochondrial cytochrome c release and ensuing caspase-mediated cell death 6,10,21. 

Sequential caspase activation in R6/2 mice plays a functional role in mutant Huntingtin-

mediated disease progression 22,23. Furthermore, mutant huntingtin expressing cells in 
vitro and in vivo mediate mitochondrial DNA release resulting in activation of cGAS/

STING and neuroinflammatory pathways7,24. We have recently demonstrated that melatonin 

inhibits mitochondrial DNA release and ensuing neuroinflammatory pathways in HD 7. 

Automitocrine melatonin pathways (i.e. mitochondrial melatonin release and binding to 

high affinity G-protein coupled melatonin receptors on the mitochondria) inhibit activation 

of cytotoxic cellular pathways20. Thus, long-term reduction of melatonin synthesis may 

have detrimental consequences, thereby enhancing vulnerability by activating caspases and 

neuroinflammatory cascades of specific neuronal populations in HD patients.

Extrapineal melatonin is synthesized in a non-circadian mode in tissues throughout the 

body, where it has multiple autocrine and paracrine functions 25,26. Melatonin is detected in 

many organs including the brain, where concentrations are high compared to other tissues 
25,27. mRNA for genes responsible for melatonin synthesis are expressed in the striatum 

and cortex 28. Furthermore, mitochondria—the site of highest free radical generation in the 

cell—have the highest melatonin concentration compared to other subcellular compartments 
25, positing the loss of extrapineal mitochondrial melatonin as a potential contributor to 

neurodegeneration in HD. We demonstrated that melatonin is exclusively synthesized in 

neuronal mitochondria20.

Therefore, we examined the integrity of the melatonin biosynthetic pathway in the pineal 

gland, cortex and striatum from human HD patients and brain tissues and isolated 

mitochondria from R6/2 mice and from full-length mutant huntingtin striatal cells. AANAT 

is the penultimate and rate-limiting enzyme in melatonin synthesis, and generates N-

acetylserotonin from serotonin 29. Melatonin is then produced from N-acetylserotonin 

by acetylserotonin O-methyltransferase (ASMT) 28. In neurons, AANAT and ASMT are 

exclusively located in the mitochondrial matrix 20. To evaluate the etiology of mutant 

huntingtin-induced melatonin deficits, we determined the expression of AANAT and ASMT 
mRNA and protein in vivo in human and mouse specimens. We show that mutant huntingtin 

expression in human and mouse brain tissue results in a reduction of AANAT protein as well 

as a paradoxical increase of AANAT mRNA. Given that melatonin is protective in vivo in 
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models of HD 6,30,31, that there is a reduction of melatonin receptors in HD brains 6, and 

that melatonin is broadly neuroprotective, the decreased availability of melatonin in neurons 

implicates melatonin as a relevant modulator of neuronal vulnerability in HD.

MATERIALS AND METHODS

Human brain samples

Acquisition and use of human brain tissues was performed with prior approval by the 

Committee for Oversight of Research and Clinical Training Involving Decedents of the 

University of Pittsburgh. Flash frozen, as well as fixed, human brain samples from male and 

female deceased HD patients and controls were obtained from the New York Brain Bank 

at Columbia University. Samples include pineal gland, cingulate gyrus, and putamen tissue 

samples from male and female HD patients (HD grade 1–4) and non-HD controls (Table 1).

Mice

All live vertebrate animal experiments were performed in compliance with the U.S. National 

Institutes of Health Guide for the Care and Use of Laboratory Animals and with approval by 

the Institutional Animal Care and Use Committee of the University of Pittsburgh. The R6/2 

mouse model of HD was used, in which exon 1 of the human HTT gene is expressed with 

multiple CAG repeats, recapitulating many features of HD 32. WT (B6CBA) and R6/2 mice 

offspring were produced by breeding in our colony, mating male R6/2 mice with female F1 

B6CBA mice, and genotyping as previously described 33,34.

B6CBA mice were generated by breeding female C57BL/6J with male CBA/JR mice. CBA 

mice do not have spontaneous mutations of AANAT that are found in C57BL/6J35, which 

has a naturally truncated AANAT protein; they also lack mutations in the ASMT gene36.

Male WT and R6/2 littermates with polyQ repeat length between 145 and 155 Q were used 

in experiments. PolyQ repeat length was determined as previously 33.

Tissue lysis

Human and mouse brain tissues were lysed using published methods 33. Briefly, tissue was 

homogenized using a Teflon homogenizer and centrifuged at 1300 x g for three minutes. 

The supernatant was collected, and the pellet resuspended and homogenized again. This 

was repeated twice. The resulting pellet (cellular debris without homogenized tissue) was 

discarded, and supernatants obtained from each homogenization and centrifugation step 

were pooled for analysis.

Isolation of cerebral synaptosomal and non-synaptosomal mitochondria

Synaptosomal and non-synaptosomal mitochondria were isolated from fresh mouse brain 

tissues as previously described 33.

Due to the expected small yield from mouse brain tissues, four pooled forebrains of the same 

genotype were used for each mitochondria isolation.
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Immunoblot analysis

Immunoblotting was used to identify and quantify proteins using the LiCor Odyssey 

system by Infrared fluorescence intensity. Briefly, 25 μg protein lysates were run on a 

PAGE gel, transferred to a PVDF-FL membrane and probed with the following primary 

antibodies: rabbit polyclonal anti-AANAT (1:2000 dilution, NIH, Supplementary Figure 

1A); rabbit polyclonal anti-phospho-AANAT (1:2000, AB3439, Abcam; 1:200, bs-11448R, 

Bioss, Supplementary Figure 1B); rabbit polyclonal anti-ASMT (1:2000, bs-6961R, Bioss, 

Supplementary Figure 1C); mouse monoclonal anti-α-tubulin (1:1000, Sigma-Aldrich); 

mouse monoclonal anti-COX IV (1:5000, ab33985, Abcam). Secondary antibodies were 

goat anti-rabbit (1:20000, 926–32211, LiCor) and goat anti-mouse (1:20000, 926–68020, 

LiCor). Images of full blots for Figures 1–2 are shown in Supplementary Figures 2–7.

Immunostaining

To assess the intracellular localization of AANAT, WT and R6/2 mice were anesthetized, 

perfused with saline followed by 10% formalin, post-fixed overnight, and sequentially 

placed in 10% and 20% glycerol solution. Whole forebrains were then cut in 40 μm 

sections. Human HD patient and age matched control brain blocks were cut by using 

freeze sledge microtome in 40 μm sections. The free-floating sections were incubated with 

10% horse serum for one hour then incubated with rabbit anti-AANAT (1:200, NIH) and 

mouse anti-mHTT (1:200, EM48, Chemicon, Sigma-Aldrich) or mouse anti-mitochondrially 

encoded cytochrome c oxidase II (1:500, MTCO2, Abcam ab3298) antibodies in PBS (pH 

7) containing 0.05% Triton X-100 for 24–72 hours at 4°C. After three washes with PBS, 

slides were incubated with FITC-conjugated horse anti-mouse IgG (1:500, FI-2001, Vector 

Laboratories) and Alexa Fluor® 647-congugated donkey anti-rabbit IgG (1:200, Jackson 

ImmunoResearch Laboratories) antibodies for two hours at room temperature. Sections were 

then mounted and cover slipped with mounting medium containing DAPI (Vectashield® 

H-1200, Vector Laboratories). Digital imaging was performed using an IX81 microscope 

(Olympus) equipped with an IX2-DSUA-SP confocal spinning disk and a 100X UPLSAPO 

objective (NA 1.40; Olympus) and UIS dichromatic mirror and appropriate emission 

filter sets (Olympus). Images were captured with a cooled charge-coupled device camera 

(Orca R2; Hamamatsu). Optical sections and 3D image reconstructions were performed 

using Metamorph software (Supplementary Figure 8, Molecular Devices). Images were 

captured at 0.2 μm intervals for 40 focal planes, and stacks were deconvoluted with an 

Autoquant software module by a constrained iterative algorithm. Orthoslice image panels 

were generated in NIH ImageJ using the View5D plugin (https://imagej.net/Image5D).

Melatonin concentration measurement

Mitochondria were isolated as described above. Diluted mitochondria were incubated in 600 

μl chloroform for 1 hour with shaking at 500 rpm at 4°C. The chloroform extract (500 μl) 

was dried and the pellet was resuspended in 500 μl of PBS (pH 7.4). Protein concentration 

was measured by BCA protein assay (23225, Thermo Fisher Scientific). Mitochondrial 

protein (500 μg) was diluted in PBS (pH 7.4) to a final concentration of 1 mg/ml. 

Melatonin concentration was determined by ELISA kit (RE54021, IBL International) using 

the protocol provided by the manufacturer.
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Quantitative reverse transcriptase PCR (qRT-PCR)

WT and R6/2 mouse brains were extracted at 6, 9, and 12 weeks of age, dissected into 

striatum and cortex and lysed for total RNA using a RNeasy kit (Qiagen). For mRNA, we 

used Nanodrop to check RNA quality using A260/A280, and A260/A320 before beginning 

with cDNA synthesis. Reverse transcription PCR (RT-PCR) was done using a high-capacity 

cDNA reverse transcription kit (Applied Biosystems). The cDNA products of RT-PCR were 

then amplified (BioRad CFX97 Touch™) using published validated primers for AANAT (5-

GTCACTGGGCTGGTTTGAGG-3, 5-CTCCGGGCCTGTGTAGTGTC-3) and ASMT (5-

GCAGCCTCCTGCTCTACCTG-3, 5-ACCTGTAGATGGCGGTGAAGG-3)36 and mRNA 

expression was quantified using the 2ΔΔCT method 37.

Experimental Design and Statistical Analysis

Statistical analyses were performed using Prism 6 software (GraphPad Software). Data 

are expressed as mean ± standard error of the mean. For analysis of group differences 

between HD patients and controls or between R6/2 mice and WT mice, unpaired, two-tailed 

Student’s t-tests were used to analyze the parametric data, unless otherwise indicated. Paired 

two-tailed t-tests were used to analyze synaptosomal and non-synaptosomal mitochondrial 

content of AANAT, phospho-AANAT, and AANAT mRNA. P-values less than 0.05 were 

considered statistically significant. Power analyses based on our previous and pilot studies 

with similar design indicate that a minimum of three biological replicates are necessary 

to detect significant group differences (with power of 0.80 and alpha 0.05) in protein 

expression (with minimum mean difference of 1.4 units, standard deviation of 0.3 units) and 

mRNA expression (minimum mean difference of 1.2 units, standard deviation of 0.5 units). 

Note that these power analyses are based on previous and pilot data and include pooling of 

samples in biological replicates as indicated for each assay above and in figure legends.

RESULTS

Specific melatonin biosynthetic enzymes are affected in the pineal gland and striatum of 
human HD patients

Bloodstream levels of melatonin are decreased in Huntington’s Disease patients even prior 

to symptom onset 3,4. Since the pineal gland is the source of melatonin in the blood, we 

evaluated the key enzymes responsible for melatonin synthesis in the human pineal gland. 

AANAT is the rate limiting penultimate step in melatonin synthesis and ASMT is the final 

enzyme. We therefore evaluated the expression of AANAT and ASMT in the pineal gland of 

grade 3/4 HD patients and controls. The neuropathological HD classification has 5 grades, 

0–4, whereby 0 has no pathological features of HD and 4 is the most severe classification. 

The grade assigned to each sample depends on striatal atrophy, striatal neuronal loss and 

degree of reactive astrogliosis 38,39. The rating of physical disability is highly corelated with 

neuropathological grading system. Grade 1 patients are ambulatory, in grade 2, ambulation 

is minimal. Grade 3 patients are confined to a wheelchair, and grade 4 patients are typically 

bed-ridden. In the pineal gland of grade 3/4 HD patients, AANAT protein expression is 

significantly lower (Fig. 1a; t(4) = 5.39, p = 0.006), and, paradoxically, expression of 

AANAT mRNA is increased (Fig. 1b; t(11) = 2.19, p = 0.05), compared to controls. In 
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contrast, no significant group differences were detected in the expression of ASMT protein 

(Fig. 1c; t(5) = 0.20, p = 0.85) or mRNA (Fig. 1d; t(6) = 0.48, p = 0.65) in the pineal gland.

It is unknown whether or not extra-pineal melatonin synthesis is regulated similarly to pineal 

melatonin synthesis; however, we previously demonstrated that melatonin is neuroprotective 

in HD mice 6,20 and that melatonin is synthesized in neuronal mitochondria 20. Thus, we 

examined HD patient and control brain tissues for evidence of melatonin synthetic enzymes. 

We previously found that due to low AANAT brain concentrations, we only detect AANAT 

protein in enriched mitochondria samples20. Hence, we used enriched brain mitochondria 

to evaluate AANAT levels in HD brain. In mitochondria-enriched striatum but not cortex 

samples of HD patients, a similar pattern of results is observed. AANAT protein expression 

is decreased (Fig. 1e; t(5) = 4.82, p = 0.005) and AANAT mRNA expression is increased 

(Fig 1f; t(7) = 2.71, p = 0.03) in the striatum of HD patients mitochondria fraction compared 

to controls.

Melatonin biosynthetic enzymes are similarly affected in extrapineal brain regions and 
synaptosomal mitochondria in the R6/2 mouse model of HD

We examined the degree to which R6/2 mice, a mouse expressing transgenic human exon 1 

fragment with an expanded polyQ repeat 40, models HD patient phenotype with respect to 

AANAT mRNA. Similar to HD patients, in R6/2 mice expression of AANAT mRNA in the 

striatum and cortex is significantly greater than in WT mice at 6, 9, and 12 weeks of age 

(striatum: t(8) = 2.32, p = 0.049; t(8) = 6.49, p < 0.001; t(12) = 5.24, p < 0.001 respectively; 

and cortex: t(8) = 2.43, p = 0.04; t(8) = 3.62, p = 0.007; t(12) = 3.02, p = 0.01, respectively) 

(Fig. 2a,b). It is of interest that increased AANAT mRNA expression is seen as early as 6 

weeks of age while the mice remain asymptomatic, suggesting that this is an early event in 

HD pathogenesis.

Since AANAT mRNA is encoded in the nucleus, transcribed in the cytosol, and its final 

subcellular localization is within the mitochondria matrix of neurons 20, it must be imported 

across the mitochondrial membrane. Since synaptosomal, but not non-synaptosomal, 

mitochondria have impaired mitochondrial protein import ability33,34, and highly purified 

synaptosomal and nonsynaptosomal mitochondria can be obtained from mouse brain, we 

isolated synaptosomal and non-synaptosomal mitochondria from R6/2 whole forebrain 

samples. We found that brain synaptosomal mitochondria of R6/2 mice exhibit the same 

differences in melatonin biosynthetic enzymes as affected tissues from human HD patients. 

Total AANAT protein as well as phospho-AANAT, the active form of the enzyme, levels 

are significantly reduced in R6/2 mice compared to WT mice in synaptosomal mitochondria 

(Fig 2d; t(2) = 9.60, p = 0.01, paired t-test), but not non-synaptosomal mitochondria (Fig 2c; 

t(2) = 0.28, p = 0.80, paired t-test). Decreased AANAT protein corresponds with decreased 

melatonin levels in synaptosomal mitochondria compared to WT mice (Fig 2e; t(4) = 2.91, p 
= 0.04). As in human HD patient tissue samples, ASMT levels are unchanged between R6/2 

and WT synaptosomal mitochondria (Fig 2f; t(2) = 0.22, p = 0.84, paired t-test). A specific 

deficit in synaptosomal mitochondria AANAT levels correlate with our findings that mutant 

huntingtin specifically affects synaptosomal mitochondria33 resulting in enhanced synaptic 
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vulnerability, suggesting a role for melatonin deficit in enhancing synaptic vulnerability in 

HD.

Sequestration of AANAT protein in mHTT aggregates may underlie the discrepancy 
between mRNA and protein levels

AANAT mRNA is elevated in the pineal gland and striatum of HD patients and in R6/2 

mice despite decreased AANAT protein detected in the same tissues compared to respective 

controls (Figs. 1, 2). Given this discrepancy, we evaluated the intracellular distribution of 

AANAT in R6/2 striatal cells (Fig 3a–b) and striatum of HD patients (Fig. 3c), and found 

AANAT colocalized with mHTT aggregates 30,31. Sequestration in aggregates may reduce 

the bioavailability of AANAT for melatonin biosynthesis and resulting in a compensatory 

increase in AANAT mRNA expression.

DISCUSSION

Melatonin has potent direct and indirect antioxidant properties. Melatonin is a free radical 

scavenger, and it also upregulates other antioxidant proteins such as MnSOD and Cu/

ZnSOD, glutathione peroxidase(GPx) and Catalase(CAT) 41. Additionally, melatonin has 

receptor-mediated antiapoptotic and antiinflammatory actions 5–7. Consistent with this, we 

recently reported increased oxidized protein content in R6/2 synaptosomal mitochondria 

compared to WT 42. We now demonstrate that AANAT expression, the penultimate and 

rate-limiting enzyme in melatonin biosynthesis, but not ASMT, the final step in synthesis, 

is significantly reduced in the pineal gland of HD patients compared to controls. These 

results are in agreement with the reported reduction of plasma melatonin levels and reduced 

nighttime peaks in the blood of HD patients 3,4 along with known suprachiasmatic nucleus 

(SCN) dysfunction 43,44.

In addition to synthesis in the pineal gland, it has been demonstrated the melatonin is 

made in the brain26. Furthermore, in neurons, synthesis takes place in the mitochondria20. 

Thus, we extended our studies beyond the pineal gland and we found increased AANAT 
mRNA expression but decreased AANAT protein in human HD striatum, R6/2 mouse 

cortex and striatum, and isolated R6/2 synaptosomal mitochondria from whole forebrain 

tissue compared to respective controls. Thus, we show for the first time that, in addition to 

decreased circulating plasma melatonin from the pineal gland, brain regions affected by HD 

are also impaired in their ability to synthesize melatonin. Reduced melatonin likely results 

from decreased AANAT protein levels in the mitochondria where melatonin biosynthesis 

occurs in neurons. Given the antioxidant properties of melatonin, reduced melatonin levels 

are expected to lead to increased oxidative stress in mHTT expressing neurons, resulting in 

cumulative oxidative damage of proteins and nucleic acids over time. Increased oxidative 

damage has been associated with aging and neurodegenerative diseases including HD 45,46.

We investigated the mechanisms that lead to AANAT protein insufficiency in neurons. 

Notably, although we found AANAT protein and AANAT mRNA expression affected in 

the cortex and whole forebrain of R6/2 mice, we did not observe significant differences in 

AANAT mRNA expression in cortical tissue between HD patients and controls. This may 

be due to the known clinical variability in the onset and location of cortical degeneration 
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and later onset of severe cognitive decline compared to motor impairment due to striatal 

neuronal degeneration in patients 1. This is in contrast to the aggressive and severe disease 

phenotype of the R6/2 mice, which includes early involvement of both the striatum and 

cortex 40.

Nonetheless, despite the differences between HD patients and the mouse model, it is 

clear that AANAT protein levels are decreased in neuronal mitochondria in the presence 

of mHTT. Our data demonstrating intracellular co-localization of AANAT with mHTT 

aggregates in striatal neurons suggests a mechanism for the HTT-mediated decrease in 

mitochondrial AANAT. These data suggest that reduced bioavailability of AANAT for 

melatonin synthesis in HD is due to adhesion/sequestration with mHTT polyglutamine 

aggregates, the pathogenic feature of mHTT.

Increased oxidative damage due to insufficient melatonin levels may lead to mitochondrial 

dysfunction observed as reduced mitochondrial membrane potential and reduced 

mitochondrial protein import. We recently showed that mitochondrial membrane potential is 

significantly lower, and mitochondrial protein import is impaired, in neurites of primary 

cortical neurons in culture of R6/2 mice compared to WT mice 42. We showed that 

cumulative mitochondrial protein damage results in reduced mitochondrial membrane 

potential, impaired mitochondrial protein import and focal activation of the canonical 

apoptosis pathway in distal neurites in aged neurons and R6/2 neurons 42. Furthermore, 

we showed that exogenous melatonin treatment is neuroprotective in R6/2 mice due 

to the inhibition of mitochondrial cytochrome c release and ensuing pro-apoptotic 

caspase activation 6,10,21. Our current data demonstrating decreased levels of AANAT in 

synaptosomal mitochondria, the same mitochondrial population known to have impaired 

mitochondrial protein import33,34,47, suggests that impaired import may also play a role in 

decreased AANAT levels in HD.

Overall, the results indicate that in addition to HD patients having less neuroprotective 

plasma melatonin from the pineal gland, mitochondrial AANAT, the rate-limiting enzyme 

of melatonin biosynthesis, is less abundant in cerebral neurons. The overall reduction of 

melatonin levels in the brain may contribute to HD neuropathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE STATEMENT

Huntington’s disease (HD) is a progressive neurodegenerative brain disorder associated 

with uncontrolled body movements, cognitive decline, and in humans a decrease in 

circulating melatonin levels compared to healthy controls. Because melatonin is a 

potent antioxidant and is neuroprotective, we studied melatonin synthesis in human HD 

patients and mice that model HD. We found that levels of the rate-limiting melatonin 

biosynthetic enzyme aralkylamine N-acetyltransferase (AANAT), but not acetylserotonin 

O-methyltransferase (ASMT), are significantly decreased in HD human pineal gland, 

striatum, and cortex, and in HD mouse forebrain synaptosomal mitochondria. We 

also report that AANAT is present in mutant-huntingtin aggregates, likely reducing its 

bioavailability.
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Figure 1. 
AANAT protein and AANAT mRNA expression in pineal and extrapineal brain tissues of 

HD patients. A, Although AANAT protein expression is decreased in the pineal gland of 

grade 3–4 HD patients (HD n=4, WT n = 3), B, AANAT mRNA expression is increased in 

the pineal gland (n = 6), compared to control subjects (n = 7 [protein], n=3 [mRNA]). C, 
There are no differences in expression of ASMT protein (HD n=4, control n=3) or D, mRNA 

(HD n=5, control n=3) in the pineal gland between grade 3–4 HD patients and controls. E, 
AANAT protein expression is decreased in striatal mitochondrial lysates of grade 1–2 HD 

patients (n = 4) compared to controls (n = 3). F, AANAT mRNA expression is increased in 
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striatal (n = 5), but not cortical (n = 5), mitochondrial samples from grade 3–4 HD patients 

compared to controls (n = 4 [striatal], 4 [cortical]). * P<0.05, ** P<0.01.
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Figure 2. 
Extrapineal brain AANAT mRNA expression in the R6/2 mouse model of HD. A, AANAT 
mRNA expression is increased in the cortex of R6/2 mice at 6, 9, and 12 weeks old (n = 

5, 5, 7) compared to WT mice (n = 5, 5, 7). B, AANAT mRNA expression is increased 

in the striatum of R6/2 mice at 6, 9, and 12 weeks old (n = 5, 5, 7) compared to WT 

mice (n = 5, 5, 7). AANAT mRNA expression is expressed as fold change relative to WT 

expression for each time point. C, In non-synaptosomal mitochondria of whole forebrain 

samples, AANAT and phospho-AANAT expression in 3–4 week old R6/2 mice (n = 3, 3) is 

not different compared to WT mice (n = 3, 3). D, In synaptosomal mitochondria, AANAT 
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and phospho-AANAT expression is decreased in R6/2 mice (n = 3, 3) compared to WT mice 

(n = 3, 3). E, In synaptosomal mitochondria, melatonin expression is decreased in 3–4 week 

old R6/2 mice (n = 3) compared to WT mice (n = 3). F, In synaptosomal mitochondria, 

ASMT expression in 11–12 week old R6/2 mice (n = 3) is not different compared to 

WT mice (n = 3). Mitochondria were pooled from four mice of the same genotype per 

experiment. Densitometry results are presented relative to WT results. * P<0.05, ** P<0.01, 

*** P<0.001.
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Figure 3. 
AANAT protein is sequestered in mHTT aggregates in the striatum of R6/2 mice. A, 
Immunohistochemistry of striatal sections from 12 weeks old R6/2 and WT mice for 

AANAT protein, mHTT protein, and DAPI staining of the nucleus. The anti-Htt EM48 

antibody preferentially detects aggregated HTT. B, 3D deconvolutional digital images 

show that mHTT aggregates colocalize with AANAT. Bar = 10 μm. Detailed ortho-Slice, 

isosurface and line profile analysis of deconvoluted confocal images confirm that mHTT 

aggregates colocalize with AANAT. C, AANAT protein is sequestered in mHTT aggregates 

in the striatum of human HD patients (representative image, n=3). 3D deconvolutional 
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digital images and ortho-Slice show mHTT aggregates colocalize with AANAT. D, AANAT 

colocalize with mitochondrial complex 2 (MTCO2) in human striatum.
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Table 1:

Human specimen information

Type HD Grade Specimen Age Gender CAG repeat

Standard 
brain 
block (SBB) 1 Cold PMI Frozen PMI

Cortex

Control n.a T-99 44 M N.E. SBB3.1 23:10 49:15

Control n.a T-159 54 F N.E. SBB3.1 3:40 15:40

Control n.a T-206 49 M N.E. SBB3.1 13:55 15:05

Control n.a T-343 62 M N.E. SBB3.1 4:16 8:16

Control n.a T-52 80 M N.E. SBB16 N/A N/A

Control n.a T-319 28 F N.E. SBB16 2:09 25:34

Control n.a T-3962 89 M N.E. SBB16 4:47 15:32

HD1 1/4 T-272 83 F SBB3.1 15:10 16:55

HD1 1/4 T-1146 69 M SBB3.1 0:08 39:00

HD2 2/4 T-273 67 M SBB3.1 6:30 32:35

HD2 2/4 T-3221 58 M 42/15 SBB3.1 0:26 85:11

HD2 2/4 T-3049 72 M 43/18 SBB16 15:30 40:50

HD2 2/4 T-4127 50 M 44/28 SBB16 1:00 33:45

HD2 2/4 T-4870 44 M 49/17 SBB16 0:00 39:55

HD3 3/4 T-1905 24 M 71/20 SBB16 5:35 24:21

HD3 3/4 T-1991 53 M 46/17 SBB16 6:45 11:17

HD3 3/4 T-2019 61 M 43/19 SBB16 17:05 18:25

HD3 3/4 T-4495 53 M 40/17 SBB16 1:20 27:35

HD3 3/4 T-4921 47 M 46/20 SBB16 0:00 34:45

Striatum

Control n.a T-99 44 M N.E. SBB7.1 23:10 49:15

Control n.a T-206 49 M N.E. SBB7.1 13:55 15:05

Control n.a T-159 54 F N.E. SBB7.2 3:40 15:40

Control n.a T-52 80 M N.E. SBB7 N/A N/A

Control n.a T-110 62 M N.E. SBB7 N/A N/A

Control n.a T-111 33 F N.E. SBB7 3:40 34:50

HD1 1/4 T-272 83 F SBB7.1 15:10 16:55

HD1 1/4 T-1146 69 M SBB7.1 0:08 39:00

HD2 2/4 T-273 67 M SBB7.0 6:30 32:35

HD2 2/4 T-3221 58 M 42/15 SBB7.0 0:26 85:11

HD2 2/4 T-3049 72 M 43/18 SBB7.1 15:30 40:50

HD2 2/4 T-4127 50 M 44/28 SBB7.4 1:00 33:45

HD3 3/4 T-1905 24 M 71/20 SBB7.1 5:35 24:21

HD3 3/4 T-2019 61 M 43/19 SBB7.2 17:05 18:25
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Type HD Grade Specimen Age Gender CAG repeat

Standard 
brain 
block (SBB) 1 Cold PMI Frozen PMI

HD3 3/4 T-1991 53 M 46/17 SBB7 6:45 11:17

HD3 3/4 T-4921 47 M 46/20 SBB7.1 0:00 34:45

HD4 4/4 T-3970 47 F 54/17 SBB7.2 3:30 5:00

HD4 4/4 T-225 72 F 42/19 SBB7 17:55 43:20

Pineal gland

Control n.a T-3966 89 M N.E. PIN.0 3:00 15:13

Control n.a T-4210 87 M N.E. PIN.0 3:12 18:32

Control n.a T-111 33 F N.E. PIN.0 3:40 34:50

Control n.a T-136 64 F N.E. PIN.0 7:50 11:30

Control n.a T-3998 77 M N.E. PIN.0 3:10 33:28

Control n.a T-148 66 M N.E. PIN.0 10:25 21:55

Control n.a T-99 44 M N.E. PIN.0 23:10 49:15

Control n.a T-159 54 F N.E. PIN.0 3:40 15:40

HD3 3/4 T-113 80 M PIN.0 2:45 4:55

HD3 3/4 T-4091 46 M PIN.0 0:05 34:16

HD3 3/4 T-2019 61 M 43/19 PIN.0 17:05 18:25

HD3 3/4 T-3430 60 M PIN.0 5:25 17:55

HD3 3/4 T-2959 47 M PIN.0 2:20 11:40

HD3 3/4 T-1960 65 F PIN.0 6:35 18:20

HD4 4/4 T-310 49 F PIN.0 7:00 8:30

HD4 4/4 T-150 60 M PIN.0 10:25 12:45

HD4 4/4 T-3960 53 M PIN.0 11:15 12:50

HD4 4/4 T-260 41 M PIN.0 2:40 18:55

HD4 4/4 T-291 55 F PIN.0 3:25 12:25

HD4 4/4 T-3970 47 F 54/17 PIN.0 3:30 5:00

HD4 4/4 T-91 63 M PIN.0 14:55

Note

Grade - diagnosed HD grade, Specimen - frozen tissue samples, Age - years at death, F - female, M – male, N.E. - not estimated, n.a. - not 
applicable, CAG repeats - number of CAG repeats of both alleles.

1
Vonsattel, J. P., Del Amaya, M. P. & Keller, C. E. Twenty-first century brain banking. Processing brains for research: the Columbia University 

methods. Acta Neuropathol 115, 509– 532, doi:10.1007/s00401-007-0311-9 (2008).
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