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Neurobiology of Disease

The Melatonin MT1 Receptor Axis Modulates Mutant
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Melatonin mediates neuroprotection in several experimental models of neurodegeneration. It is not yet known, however, whether
melatonin provides neuroprotection in genetic models of Huntington’s disease (HD). We report that melatonin delays disease onset and
mortality in a transgenic mouse model of HD. Moreover, mutant huntingtin (htt)-mediated toxicity in cells, mice, and humans is
associated with loss of the type 1 melatonin receptor (MT1). We observe high levels of MT1 receptor in mitochondria from the brains of
wild-type mice but much less in brains from HD mice. Moreover, we demonstrate that melatonin inhibits mutant htt-induced caspase
activation and preserves MT1 receptor expression. This observation is critical, because melatonin-mediated protection is dependent on
the presence and activation of the MT1 receptor. In summary, we delineate a pathologic process whereby mutant htt-induced loss of the
mitochondrial MT1 receptor enhances neuronal vulnerability and potentially accelerates the neurodegenerative process.

Introduction

Huntington’s disease (HD) is an autosomal-dominant chronic neu-
rodegenerative disease that is universally fatal and lacks effective
treatment. HD is caused by expansion of the CAG repeat in exon 1 of
the HD gene (The Huntington’s Disease Collaborative Research
Group, 1993). Mutant huntingtin (htt) protein first kills selectively
vulnerable medium spiny neurons (MSNs) in the striatum and
thereafter the cortical neurons. As reported previously, we screened
1040 Food and Drug Administration-approved drugs for their
ability to inhibit mitochondrial cytochrome c release triggered
by proapoptotic stimuli (Wang et al., 2008). Melatonin inhib-
ited cytochrome c release, activation of the caspase cascade,
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and cell death. Melatonin was also neuroprotective in a cellu-
lar model of HD (Wang et al., 2008).

Melatonin is an endogenously produced hormone secreted by
the pineal gland and the retina (Cogburn et al., 1987). Within the
body, the highest concentration of melatonin is in the brain (Re-
iter and Tan, 2002); within the cell, the highest concentration is in
the mitochondria (Martin et al., 2000). Melatonin can be admin-
istered at high doses (Weishaupt et al., 2006) and is used clinically
for sleep disturbances, circadian rhythm adjustment in the blind,
and cancer (Ravindra et al., 2006). Most importantly, the poten-
tial benefits of melatonin have been evaluated in neurological
diseases.

In addition to being a broad-spectrum antioxidant (Tan et al.,
2002), melatonin is a ligand of several G-protein-coupled recep-
tors. There are two mammalian isoforms of the melatonin recep-
tor, MT1 and MT2. MT1 and MT2 are found in brain and
peripheral tissues (Drew et al., 2001) (Allen Brain Atlas available
at http://mouse.brain-map.org). Altered MT1 and MT2 expres-
sion levels have been reported in models of Alzheimer’s disease
(Savaskan et al., 2002, 2007), Parkinson’s disease (Das et al.,
2008), and normal aging (Sdnchez-Hidalgo etal., 2009), as well as
in senescence-accelerated mice (Caballero et al., 2008). In addi-
tion, melatonin blood levels are progressively reduced in HD
patients (Aziz et al., 2009). Thus, the melatonin receptor-ligand
axis may play a pathogenic role in HD and neurodegeneration.

Melatonin was shown to be protective in two HD-associated
neurotoxin models, i.e., in rat brain homogenate treated with
quinolinic acid (Southgate and Daya, 1999) and in striatal and
cortical synaptosomes,tk;1 isolated from rats treated with
3-nitropropionic acid (Tunez et al., 2004). However, melato-



Wang et al. @ MT1 Receptor Axis and Huntingtin-Mediated Toxicity

nin has not been evaluated previously in transgenic mouse
models of HD. Our data demonstrate that melatonin delays
disease onset and prolongs lifespan in the R6/2 transgenic
mouse HD model. In addition, we report the following. (1)
MTT1 receptor levels decrease in cultured striatal cells, mouse
brain, and human striatum associated with mutant htt-
mediated toxicity, and receptor depletion becomes greater as
the disease progresses. (2) MT1 receptor knockdown by RNAi
makes cells more vulnerable to cell death. Conversely, MT1
receptor overexpression increases resistance to cell death. (3)
Melatonin administration counters MT1 receptor depletion
attributable to mutant htt in vitro and in vivo. Together, these
findings suggest that functional MT1 receptor depletion con-
tributes to cell death from mutant htt.

Materials and Methods

Drugs. Melatonin and luzindole were purchased from Sigma. 2-Iodo-
melatonin was purchased from Tocris Bioscience.

Cell lines and induction of cell death. Mutant htt ST14A striatal cells (8
Plx line) and parental ST14A striatal cells were kindly provided by Dr.
Elena Cattaneo (University of Milan, Milan, Italy). Cell death was in-
duced by shifting cells from the permissive temperature of 33°C to the
nonpermissive temperature of 37°C and transferring them to serum-
deprived medium (SDM) (Wang et al., 2005). Alternatively, cells were
challenged by treatment with 1 mm H,O, or with the combination of 10
ng/ml tumor necrosis factor & (TNFa) and 10 um cycloheximide (CHX).
In a second system, primary cerebrocortical neurons (PCNs) and pri-
mary striatal neurons (PSNs) were harvested from E14-E16 mice. Cul-
tures of these cells were subject to oxygen—glucose deprivation (OGD) as
described previously (Zhang et al., 2003a; Wang et al., 2009). In brief,
culture medium was replaced with glucose-free Earle’s balanced salt so-
lution, and cells were incubated for 2 h with a defined concentration of
melatonin. The cells were then placed in an anaerobic chamber with a
BBL GasPak Plus (BD Biosciences), lowering the oxygen concentration
to <100 ppm within 90 min. After 3 h, OGD was terminated by a return
to normal culture conditions. Control cells were incubated for the same
length of time in Earle’s balanced salt solution with glucose in a normoxic
incubator. Alternatively, PCNs (or PSNs) were treated for 18 h with 1 mm
H,0,. In all experiments, cells were preincubated for 2 h with the test drug.
Cell death was measured by the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium] or the LDH
release assay (Roche Applied Science).

Expression vectors and transfection procedures. The human MT1 recep-
tor (cDNA clone MGC:104051 IMAGE: 30915497) cloned in the pCR4—
TOPO vector was purchased from Invitrogen. The MT1 sequence was cut
from pCR4-TOPO, epitope tagged, and transferred to the expression
vector pcDNA3.1-Flag-hMT1a-GFP. Proper construction was con-
firmed by DNA sequencing (Biomyx Technology). Transient transfec-
tion of pcDNA3.1-Flag-hMT1a—GFP into mutant htt ST14A cells was
performed using Lipofect AMINE (Invitrogen) for 3 d. Cells were then
shifted to nonpermissive conditions for 18 h. Cells were cotransfected
with a plasmids encoding GFP. Morphology of cells was observed. This
quantitative observation of cell death was made by counting the cells with
morphologic features indicative of apoptosis (i.e., chromatin condensa-
tion, nuclear fragmentation, and cell shrinkage).

Western blotting. Cells were collected in ice-cold lysis buffer [20 mm
Tris, pH 8.0, 137 mm NaCl, 10% glycerol, 1% Nonidet P-40, and 2 mm
EDTA with 5 mm Na,VO4, protease inhibitor mixture (Roche Molecular
Biochemicals) supplemented with 0.2 mm PMSF]. The lysate was cleared
by centrifugation at 19,720 X g for 10 min at 4°C, and the supernatant
was analyzed by Western blotting. Samples of mouse brain were lysed in
ice-cold RIPA buffer with protease inhibitors (Zhu et al., 2002; Wang et
al,, 2003). Antibodies to caspase-3 and caspase-9 were purchased from
Cell Signaling Technology, ones to MT1 and MT2 from Millipore Bio-
science Research Reagents, and ones to Rip2 from Alexis Biochemicals or
BD Biosciences. Antibodies to caspase-1 were from Santa Cruz Biotech-
nology or BioSource and those to B-actin were from Sigma. Secondary
antibodies and ECL reagents were from GE Healthcare.
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Detection of factors released from mitochondria. Separation of cytoplas-
mic and mitochondrial fractions of cells and tissues was conducted as
described previously (Zhu et al., 2002; Wang et al., 2003). Antibodies to
cytochrome ¢ were purchased from BD Biosciences Pharmingen, ones to
Smac/Diablo from Novus Biologicals, and ones to AIF from Sigma.

Isolation of brain mitochondria. Brain mitochondria were isolated as
described previously with some modification (Zhu et al., 2002; Kras-
nikov et al., 2005; Singh et al., 2006). Briefly, forebrains were quickly
removed and homogenized in ice-cold buffer 1 (in mm: 320 sucrose, 10
HEPES, pH 7.4, and 1 EGTA, pH adjusted to 7.4 with KOH) using a
tissue homogenizer (Kontes Glass). The homogenate was centrifuged
twice at 3000 rpm for 3 min in a JA-20 rotor (Beckman Instruments), and
the supernatant was further centrifuged at 11,000 rpm for 8 min. The
pellet, containing crude mitochondria, was resuspended in buffer 1 and
loaded atop a discontinuous Ficoll gradient of 7.5 and 10% in 320 mm
sucrose, 10 mm HEPES-KOH, pH 7.4, and 0.02 mMm EGTA, pH adjusted
to 7.4 with KOH. The gradient was spun in a Beckman Instruments
centrifuge with an SW-28 high-speed rotor at 23,400 rpm for 12 min.
Pelleted non-synaptosomal mitochondria were rinsed twice, first with
buffer 1 and then with buffer 2. Mitochondria were lysed in RIPA buffer
containing protease inhibitors and were analyzed by immunoblotting.

Caspase activity assay. Test cell cultures contain 5 uM melatonin,
whereas controls are devoid of melatonin. Extracts were prepared and
enzyme assays conducted as described previously (Wang et al., 2003)
(Clontech). The ApoAlert caspase fluorescent assay kit was from Clon-
tech, caspase-1-like substrate Ac-YVAD-AFC and caspase-9-like sub-
strate Ac-LEHD-AFC were from Calbiochem, and caspase-3-like
substrate Ac-DEVD-AFC was from BD Biosciences Pharmingen. En-
zyme activity was determined with a Bio-Rad Versa Fluorometer. The
evaluation of the effect of melatonin on enzymatic activities were per-
formed in parallel with previously reported experiments evaluating
methazolamide, but some of the controls are the same as in the previous
report (Wang et al., 2008).

Human brain specimens. Frozen postmortem samples of human brain
were obtained from the Harvard Brain Tissue Resource Center (McLean
Hospital, Belmont, MA). They were taken from the caudate and putamen
of seven grade IV HD patients, four grade I HD patients, and six control
samples from non-neurologic patients. There is no systematic difference
between the average postmortem interval or age at death for persons in
the three different groups (postmortem intervals, 21.9, 17.3, and 19.4 h;
age, 58.9, 65.3, and 49.8 years for control, grade II, and grade IV group,
respectively).

HD mice and treatment regimen. R6/2 mice (The Jackson Laboratory)
were used to establish a breeding colony. Male R6/2 mice were bred with
congenic (i.e., B6SL]) wild-types females (The Jackson Laboratory). In
this study, R6/2 mice used were known to have a CAG repeat size of
110-115 (Wang et al., 2008). Starting at 6 weeks of age, test R6/2 mice
were given daily intraperitoneal injections of 30 mg/kg melatonin,
whereas control animals received the saline vehicle. Each group con-
tained an equal number of male and female mice. Mice were evaluated
weekly by placing them on a rotarod turning at 5 or 15 rpm and measur-
ing the time until they fell (up to 7 min). Mortality was defined as the age
of death or the age when the mouse was unable to right itself within 30 s
or the age of death. In this study, we used nine mice in the melatonin
group and compared them to six littermate mates in the saline control
group. For molecular analysis of the effect of melatonin, matched litter-
mates were killed at 25 weeks of age, and the brain tissue was analyzed.
Experiments were conducted in accordance with protocols approved by
the Harvard Medical School Animal Care Committee.

Stereology. Serial-cut coronal tissue sections from the rostral segment
of the neostriatum to the level of the anterior commissure (interaural
5.34 mm, bregma 1.54 mm to interaural 3.7 mm, bregma 0.10 mm;
Franklin and Paxinos, 2000) were used for volumetric measurement of
ventricular size. Ventricular areas were measured using Neurolucida Ste-
reo Investigator software (MicroBrightField), with researchers (R.J.F.
and K.S.) blinded to the experimental condition. All specimens were
stained at the same time, photographed under the same conditions, and
are age matched.
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Figure1.  Melatonininhibits the mitochondrial cell-death pathway in cultured cells. 4, Cell death isinduced in mutant htt striatal cells by shifting cells to the nonpermissive temperature of 37°C
in SDM. Test cell cultures contain 5 pum melatonin, whereas controls are devoid of melatonin. Five hours after being placed in nonpermissive conditions, cells are stained with MitoTracker, fixed, and
stained with fluorescently tagged antibodies to cytochrome c. A punctate pattern colocalizing with MitoTracker indicates that cytochrome c is retained within mitochondria; a dim and diffuse one
indicates that it has been released into the cytoplasm. The latter pattern is observed in stressed cells, confirming the release of cytochrome c. Even under nonpermissive conditions, however,
melatonin-treated cells retain a bright and punctate appearance, suggesting the localization of cytochrome ¢ in mitochondria (scale bar, 5 m). B—E, Mutant htt striatal cells are shifted to
nonpermissive conditions for 5 or 18 h (B—D) or 2 h () and treated as indicated. Cell lysates are centrifuged, and the cytosolic fractions (i.e., supernatant) are analyzed on Western blots probed with
antibodies to cytochrome ¢, Smac, and AlF (B, top 3 blots). Alternatively, whole-cell lysates are resolved on Western blots and probed with antibodies to caspase-9, caspase-3, or caspase-1or to Rip2
(2 bottom blots in B, D, E). In addition, caspase activities in whole-cell extract are measured by fluorogenic assays (C). Caspase-1 activation is evaluated by both Western blotting with an antibody
to activated caspase-1and fluorogenic assay (D). All Western blots have 50 w.g/lane protein with 3-actin as the loading control. A representative blot is shown. In all graphs, gray bars correspond
to measurements on cells treated with melatonin, both with or without temperature shift/SDM. These are compared with white bars for unstressed cells and black bars for stressed cells without
melatonin (null and negative controls, respectively). Values in bar graphs are the average of at least three independent measurements (*p << 0.05, **p << 0.001). F, Mutant htt ST14A cells are
treated as indicated before being transferred to nonpermissive conditions. Living cells are stained with 2 v Rh 123 to determine the mitochondrial membrane potential (W,,). G, Mutant htt striatal
cells are kept under nonpermissive conditions for 18 h in the presence or absence of 5 v melatonin. Finally, chymotrypsin-like, trypsin-like, and caspase-like activity of proteasomes in cell lysate
are measured using respective fluorogenic substrates, Suc-LLVY-MCA, Boc-LRR-AMC, and Z-LLE-AMC (Biomol). Results are the mean == SEM for three independent experiments. MW, Molecular
weight.

Measurement of huntingtin aggregates. The extent of huntingtin pro- Immunohistochemistry. Brains were cryoprotected in 30% sucrose and
tein aggregates was determined in serially cut coronal tissue sections  frozen in cold isopentane. Frozen sagittal sections (10 wm thick) were
from the most rostral segment of the neostriatum to the level of the  washed with 0.05% Tween 20 in PBS and permeabilized with 70% meth-
anterior commissure (interaural 5.34 mm, bregma 1.54 mm to interaural anol and with 0.05% Triton X-100. The sections were blocked and incu-
3.7 mm, bregma —0.10 mm). Neurolucida Stereo Investigator software ~ bated with MT1 antibody. After a second wash with 0.05% Tween 20 in
was used to conduct unbiased stereological counts of huntingtin-positive ~ PBS, the preparations were stained with FITC-conjugated secondary an-

aggregates (=1.0 wm) in neostriatum from melatonin- and saline-  tibodies (a control procedure that omits staining with the primary anti-
treated R6/2 mice (25 weeks of age). The respective areas of the rostral ~ bodies determined the extent of background staining by the secondary
brain, ventricles, and neostriatum were measured by imaging serial sec-  antibody). After additional washes with 0.05% Tween 20 in PBS and
tions. To obtain unbiased measurements of aggregate density, counting ~ DAPI counterstaining, sections were viewed with a Nikon Eclipse TE 200
frames were randomly sampled within each preparation from neostria-  fluorescence microscope.

tum. The number of huntingtin-positive aggregates was determined by RNAi. Four siRNAs targeting MT1 expression were purchased from

the optical-dissector method reference. The areas of striatal neurons were ~ Qiagen. They were synthesized as pairs of oligoribonucleotides as fol-
determined by microscopic video capture with a Windows-based image ~ lows. MT1 siRNA 1 targets sequence AACGCAATCATATACGGACTA
analysis system (Optimas; Bioscan). Although this software identifies  and consists of 5'-CGCAAUCAUAUACGGACUALtt-3" and 3'-ttGCGU
and measures profiles automatically, its reliability was verified by visual ~ UAGUAUAUGCCUGAU-5' as sense and antisense strands, respectively.
inspection of tissue preparations. MT]1 siRNA 2 targets sequence CGGGATCGCTATGAACCGCTA and
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Melatonin inhibits cell death of both cell lines and primary neurons in culture; luzindole eliminates this neuroprotection. A, Chemical structures of melatonin, luzindole, and

2-iodomelatonin. B-G, Except in the presence of luzindole, the MT1 agonists melatonin and 2-iodomelatonin counter cell death in all of the five cellular systems: B, G, mutant htt ST14A placed in
nonpermissive conditions; ¢, mutant htt ST14A exposed to T mm H,0, for 18 h; D, mutant htt ST14A challenged with 10 ng/ml TNF-czand 10 wum CHX for 18 h; E, primary striatal neurons exposed
to 1 mmH,0, for 18 h; and F, primary cerebrocortical neurons exposed to 500 um NMDA for 18 h. The data in B—D and G are from MTS assays of cell viability; those in E and F are from LDH assays of
cell death. The bars are colored according to the presence of melatonin and luzindole: white, no agonist or antagonist of MT1/MT2; blue, just melatonin or (in G) 2-iodomelatonin; red, luzindole
administered alone or with melatonin/2-iodomelatonin. In all systems, luzindole alone does not change the extent of cell death. In contrast, treatment with melatonin reduces cell death in a
dose-dependent manner. When both compounds are present, however, luzindole (an antagonist of MT1 and MT2) eliminates rescue by melatonin. Data for each system are from at least three
independent experiments. *p << 0.05; **p << 0.001, n = 3—6. H, Immunoblot of cytosolic fractions of mutant htt ST14A cells treated as indicated for 18 h. Luzindole blocks melatonin inhibition of

cytochrome c release.

consists of GGAUCGCUAUGAACCGCUAtt-3’, and 3'-GCCCUAGC
GAUACUUGGCGAU-5" as sense and antisense strands, respectively.
MT1 siRNA 3 targets sequence CTCAGGAACGCAGGGAATATA and
consists of 5'-CAGGAACGCAGGGAAUAUALtt-3" and 3'-GAGUCCUU
GCGUCCCUUAUAU-5". MT1 siRNA 4 targets sequence 5'-GGCGCT
GACGTCTATACTTAA-3" and consists of 5'-CGCUGACGUCUAUA
CUUAA(tt-3" and 3'-ccGCGACUGCAGAUAUGAAUU-5" as sense and
antisense strands, respectively. Cells were transiently transfected with
these siRNAs using HiPerFect Transfection Reagent (Qiagen). Forty
hours after transfection, cells were analyzed using quantitative RT
(qRT)-PCR and Western blotting. Apoptosis of mutant htt ST14A cells
was induced in three different ways: (1) shifting to the nonpermissive
temperature of 37°C with concomitant transfer to SDM; (2) exposure to
H,0, for 18 h; and (3) treatment with TNFa/CHX for 18 h.

Quantitative real-time RT-PCR. Total RNA was isolated from mutant
htt ST14A cells, mouse brains, or human striatum. The following pairs of
primers were used: mouse MT1, 5'-TGAGTGTCATCGGCTCGATA
T-3" and 5'-TAGTAACTAGCCACGAACAGC-3" (Niles et al., 2004);
mouse MT2, 5'-CTCACTCTGGTGGCTTTGGTG-3" and 5'-CTGCGC
AAATCACTCGGTCTC-3' (Kobayashi et al., 2005); human MT1, 5'-TG
CTACATCTGCCACAGTCTC-3" and 5'-CAGTAGCCCGTATATAAT
GGC-3" (Niles et al., 1999); human MT2, 5'-TCATCGGCTCTGTCTT
CAATA-3" and 5'-ACTGGGTGCTGGCGGTCTGGA-3’ (Brydon et al.,
2001); GAPDH, 5'-ATGGTGAAGGTCGGTGTCAACGGA-3" and 5'-
TTACTCCTTGGAGGCCATGTAGGC-3" (Clontech). Real-time qRT-
PCR was performed as described previously (Wang et al., 2005). The
RT-PCR began by holding the temperature at 50°C for 30 min and then
at 95°C for 10 min. Samples were then subject to 45 cycles of 95°C for 30's,
55°C for 1 min, and 72°C for 30 s. Relative quantities of mRNAs were
calculated from their Ct values (Wang et al., 2005). GAPDH was not
variable in these experiments and was thus used as the control gene.

Statistical analysis. Statistical significance was evaluated by the ¢ test.
Data on viability or the extent of cell death were compared by ANOVA or
repeated-measures ANOVA and by nonpaired Student’s # test. Statistical
analyses were done using StatView 4.0 software (SAS Institute). Error
bars represent SEM.

Results

Melatonin inhibits the mitochondrial and the Rip2/caspase-1
cell death pathways

Release of cytochrome ¢ from mitochondria triggers a set of bio-
chemical changes that lead to neuronal cell death. These molec-

ular pathways are activated in a number of neurodegenerative
disorders, including HD (Friedlander, 2003; Wang et al., 2003).
We therefore tested whether melatonin inhibited the release of
cytochrome ¢ from the mitochondria of mutant htt ST14A cells.
Mutant htt ST14A cells were constructed from the parental
ST14A striatal cell line by transforming it with a temperature-
sensitive large T antigen. Mutant htt ST14A cells undergo cell
death during shift from 33°C to 37°C with concomitant transfer
to SDM (i.e., change from permissive to nonpermissive condi-
tions) (Rigamonti et al., 2001). Cytochrome c¢ localization was
determined by immunocytochemistry. Cells were stained with
antibodies to cytochrome ¢ and the mitochondrial marker Mito-
Tracker (Fig. 1A). Merging the images revealed that the highest
concentration of cytochrome ¢ immunoreactivity colocalized
with mitochondria. Temperature shift with transfer to SDM in-
duced the release of cytochrome ¢ from the mitochondria into the
cytoplasm. As indicated by the arrows, we observed a more dif-
fuse staining pattern in cells kept under nonpermissive versus
permissive conditions. Indeed, melatonin inhibited cytochrome ¢
release as indicated by the preservation of punctate staining after
temperature shift. Cells treated with melatonin revealed a punc-
tate pattern of staining even under nonpermissive conditions.
Melatonin inhibits the release of cytochrome ¢ from the mito-
chondria to the cytoplasm (Fig. 1A).

Smac and AIF are two other proteins whose release from mi-
tochondria results in activation of cell death pathways. In a vari-
ety of neurodegenerative diseases, the appearance of these factors
in the cytoplasm has been associated with mitochondrial dys-
function (Friedlander, 2003; Wang et al., 2003; Zhang et al,,
2003a; Adamczyk et al., 2005). During disease progression in HD
mice, release of cytochrome ¢/Smac/AIF triggers a set of events
that activate mitochondrial cell-death pathways (Kiechle et al.,
2002; Friedlander, 2003; Wang et al., 2003). Cytoplasmic cyto-
chrome ¢, apaf-1, and pro-caspase-9 form a macromolecular assem-
bly called the “apoptosome,” resulting in caspase-9 activation. In its
turn, caspase-9 activates caspase-3, thereby triggering the terminal
events in the cell-death pathway (Li et al., 1997). Melatonin partially
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Figure3.  Knockdown of MT1 sensitizes cultured neurons to cell death; overexpression rescues them. Protein levels of MT1 and
MT2 receptors were determined in mutant htt ST14A cells. During challenge by temperature shiftin SDM orincubation for 18 h with
1mumH,0, (A), there is significant loss of MT1 receptor. In contrast, levels of MT2 receptor do not change. Pretreatment for 2 h with
5 um melatonin significantly preserves levels of MT1 receptor (n = 3—4, *p << 0.05, **p < 0.01, **p << 0.001). B, The
comparison of protein levels of MT1 receptors were determined in mutant htt ST14A cells and parental ST14A cells during challenge
by temperature shift in SDM (n = 4, **p << 0.01, ***p << 0.001). C~E, Neuroprotection by melatonin is eliminated by siRNAs,
which target the MT1 receptor. Mutant htt ST14A cells were transiently transfected with MT1 siRNA Tand siRNA 2 48 h before being
challenged by the proapoptotic stimulus. Consequent depletion of MT7T mRNA was confirmed by qRT-PCR (€) and that of MT1
protein by immunoblotting (D). The mRNA for GAPDH and the protein for 3-actin served as a loading controls for the PCR and the
immunoblot, respectively (*p << 0.01, **p << 0.001). E, Neuroprotection afforded by melatonin is eliminated by knocking down
levels of MT1 receptor. This phenomenon, apparent from MTS assays for cell viability, was observed in three different in vitro
systems (i.e., mutant htt ST14A cells challenged by temperature shiftin SDM, exposure to H,0,, or treatment with TNFae/CHX). F,
Mutant htt ST14A cells challenged by temperature shift in SDM are rescued by an MT1 protein—GFP fusion but not by GFP alone.
Cells were transfected with pcDNA3.1-MT1—GFP or pcDNA3.1/GFP, test and control plasmids, respectively. Forty-eight hours later,
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inhibited mutant htt-induced release of
mitochondrial apoptogenic factors and
caspase activation (Fig. 1 A--C). Caspase
activation was evaluated by immunoblot-
ting (Fig. 1 B) and complementary fluoro-
genic activity assays (Fig. 1C).

In addition to its activation of
caspase-9 and caspase-3 and cleavage at
the caspase-6 site (Graham et al., 2006),
mutant htt stimulates the Rip2/caspase-1
pathway in R6/2 mice and in mutant htt
ST14A cultures (Ona et al., 1999; Chen et
al., 2000; Zhang et al., 2003b; Wang et al.,
2005). We demonstrated previously that
increased abundance of Rip2 protein (a
caspase-1 activator) (Thome et al., 1998)
correlates with greater toxicity from mu-
tant htt. We determined whether melatonin
inhibits Rip2 accumulation and counters
caspase-1 activation. Indeed, we ob-
served that procaspase-1 is activated in
mutant htt ST14A cells during transfer to
nonpermissive conditions (Wang et al,
2003, 2005). As demonstrated by immu-
noblotting and complementary fluoro-
genic assay, melatonin inhibits mutant
htt-induced caspase-1 activation (Fig. 1 D).

Rip2 binds to caspase-1 via a caspase
activation and recruitment domain
(CARD)-CARD (for caspase recruitment
domain domain) homotypic interaction
resulting in caspase-1 activation. Rip2
protein levels increase in neurologic dis-
eases, including HD (Wang et al., 2005),
Alzheimer’s disease (Engidawork et al.,
2001), and stroke (Zhang et al., 2003a).
Moreover, reducing the level of Rip2 by
RNA interference inhibits mutant htt-
induced cell death of ST14A cells (Wang
etal., 2005). Given that melatonin inhibits
caspase-1 activation, we determined
whether this effect involves blocking Rip2
upregulation. Indeed, melatonin inhib-
ited mutant htt-induced Rip2 upregula-
tion in mutant htt ST14A cells (Fig. 1 E).

Melatonin has been reported to modu-
late mitochondrial pathways through inhi-
bition of the mitochondrial permeability
transition (Andrabi et al., 2004). The col-
lapse of the mitochondrial transmem-
brane potential (AW ) is a central event
in cell death (Petronilli et al., 1994; Fried-
lander, 2003; Stavrovskaya and Kristal,

<«

they were shifted to nonpermissive conditions for 18 h and
then viewed under the fluorescence microscope. In the test
group, stress caused significant cell death. In contrast, those
cells expressing the MT1—GFP fusion protein were much more
resistant to cell death. Parallel MTS assays of cell viability cor-
roborated these results. Data are the mean == SEM of three
independent experiments. Inall graphs, statistical significance
is indicated: *p < 0.01, **p << 0.001.
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Figure4. Melatonin slows disease progression in R6/2 mice. 4, B, Treatment from 6 weeks of age with 30mg - kg ' -d "
melatonin improves rotarod performance of R6/2 mice. Both melatonin- and saline-injected R6/2 littermates are challenged to
remain for up to 7 min on a rotarod turning at 15 rpm (A) or 5 rpm (B). Data for many of the weekly tests show a statistically
significant difference of rotarod performance of saline- and melatonin-treated R6/2 mice. When rotation is 15 rpm, we observe
p < 0.05 for weeks 21,22, and 25 and p << 0.001 for weeks 26 —29. At 5 rpm, we find p << 0.05 for weeks 22, 28, and 29 and p <
0.001 for weeks 23-27. €, Weekly values for body weight are statistically indistinguishable between melatonin-treated animals
and saline controls. D, The table summarizes data for the melatonin- and saline-treated groups (A-D, n = 9 and 6, respectively).
Both the age at disease onset (i.e., when first the mouse falls from the rotarod before 7 min have elapsed) and that at death are
greater for melatonin-treated mice (*p << 0.01). E, Melatonin reduces ventricular enlargement in the brains of R6/2 mice. The
figure shows coronal sections from 25-week-old R6/2 mice treated with melatonin or the saline vehicle, as well as ones from
age-matched wild-type littermates (n = 3). F, Brain sections were prepared from 25-week-old R6/2 mice that had been treated
with 30 mg - ml ~" - d ~" melatonin or saline. Slices of both cortical and striatal tissue were stained with anti-huntingtin anti-
bodies. In both cases, any reduction in the extent of huntingtin aggregation was not statistically significant.

2005). Consequently, preservation of AW, by melatonin is a possi-
ble mechanism by which it inhibits cell death. We tested this hypoth-
esis using rhodamine 123 (Rh 123), a fluorescent, hydrophobic, and
positively charged molecule that accumulates in electrostatically
charged mitochondria. We observed punctate staining by Rh
123, a pattern indicative of a negative mitochondrial mem-
brane potential. Moreover, transferring cells to nonpermissive
conditions resulted in dissipation of AV and ensuing cell death
(Fig. 1F). Furthermore, melatonin preserved the punctate distri-
bution of Rh 123 fluorescence within the cell. We conclude that
the ability of melatonin to maintain AW, likely contributes to the
ability of the compound to rescue mutant htt ST14A from tem-
perature shift-induced cell death.

Proteosomal dysfunction has been reported in HD (Bennett et
al., 2007). We determined whether in our cellular system mutant
htt causes malfunction of the ubiquitin—proteosome system.
We found that, under nonpermissive conditions, mutant htt
ST14A-expressing cells demonstrate a significant decline in pro-
teosomal activity. Moreover, melatonin partially inhibits such
stress-induced proteosomal dysfunction (Fig. 1G).

binding, we determined whether the re-
ceptor antagonist luzindole counters
melatonin-mediated protection. In this in
vitro system, luzindole almost completely
: A eliminated neuroprotection by melatonin,

e g indicative of a receptor-mediated effect as
¢ g opposed to a free radical-scavenger mecha-
nism (Fig. 2B). We repeated this experi-
ment in other cell-death models, e.g.,
mutant htt ST14A cells exposed to H,O, or
treated with TNFa plus CHX (Fig. 2C,D).In
both cases, luzindole blocked melatonin-
mediated protection, confirming that re-
ceptor binding is central to the mechanism
of protection.

The most vulnerable cells in HD are
the MSNs of the striatum followed by
cortical neurons (Li, 1999). Melatonin
prevents cell death induced by OGD (Ca-
zevieille et al., 1997; Wang et al., 2009).
We tested whether melatonin inhibits cell
death of PSNs induced by H,O,. Indeed,
treatment with melatonin provided dose-
dependent protection of PSNs challenged
by this oxidative stress (Fig. 2E). In addi-
tion, melatonin diminished the extent of
NMDA-induced death of primary cerebro-
cortical neurons (PCNs) (Fig. 2F). Again,
luzindole eliminated this neuroprotection,
demonstrating that the action of melatonin is mediated by its
G-protein-coupled receptor (Fig. 2E, F).

We next evaluated whether the MT1/MT2 agonist 2-
iodomelatonin shares the protective properties of melatonin.
As expected from their common affinity for the MT1 and MT2
receptors, 2-iodomelatonin inhibited cell death of mutant htt
ST14A. Moreover, luzindole essentially eliminated neuroprotec-
tion by 2-iodomelatonin (Fig. 2G). As observed with melatonin,
2-iodomelatonin inhibited the increase in Rip2 expression in
stressed mutant htt ST14A cells. This effect was observed both
in cells challenged by temperature shift and in ones exposed to
H,0, (data not shown). A clue to the mechanism of these
phenomena is the ability of melatonin to inhibit mutant htt-
induced release of mitochondrial cytochrome cin ST14A cells.
Moreover, luzindole eliminates this molecular activity of the
MTT1 receptor agonist. The correlation between inhibition of
cytochrome c¢ release and protection of neurons from cell

R6/2 - Saline

R6/2 - Melatonin ‘

Striatum
200 pm

death implicates the effect of melatonin on mitochondria in
neuroprotection (Fig. 2 H).



14502 - ). Neurosci., October 12, 2011 - 31(41):14496 —14507

A H
g
o=
2 A 30
275 25
o
Cytochromec ~ —» (] 149kDa < £ 7%
B-actin - —— g5 10
58 0s
Gw i}
253
2 & 2
Smac —> e 25kDa B2
A __ g1
B-actin —> [ S E 1
£% 0
~ 3
22
_ 53 2
AIF — I 57kDa 23 3
B-actin e [ g ] se ]
g2z 1
g3 °
3
- 3 3
Pro-caspase-9  —» [— 58 2
Active-caspase-9 (. P35 £ z
B-actin = 221
b 0
4

Pro-caspase-3
Active-caspase-3
B-actin

o= wW
owmwowmowmom ohowowmowm ohomowmowm ohowowowm CLowowo owowmowmo

Ratio of active
caspase-3/B-actin caspase-9/B-actin

3
3
Rip2 — ESe| 61D E 2
B-actin — [—— 51
s g1
g2 0
o
1) £ 3
Pro-caspase-1 ~ —» (IR AR—" p45 £% 3
5 §
Active-caspase-1 —» [ sm= = | p20 < s 5
B-actin > El 2 % 3
2g0
g
_ WTR6/2R6/2 WT R62  R62
Melatonin - -+ Melatonin - - +
Figure5.

Wang et al. ® MT1 Receptor Axis and Huntingtin-Mediated Toxicity

Cytochrome ¢ Active-caspase-3
WT
- g — .
. < > ¢ 8 4 P <
oy PO e 4
T 1 39 % 3 ‘ . A
ing o A 9 x e ’ Saline
& 3 L
RS ) ¥ \ g % treated R6/2
‘*u o h.‘_ n % 2 \ - =
% - 2 ,"* b5 + 4 p
5 ¥ Y e ™ '
d ¥ & "
Melatonin
treated R6/2

20 um

Melatonin blocks the mitochondrial cell-death pathway in R6/2 mice. Beginning at 6 weeks of age, R6/2 mice were treated with either saline or melatonin. Wild-type littermates were

used as controls. At 25 weeks, brains were removed and homogenized for Western blotting or sectioned forimmunostaining. A, Some brain homogenates were fractionated by centrifugation, and
the cytosolic supernatant was analyzed by Western blotting (top 3 blots). Probing with antibodies to cytochrome ¢, Smac, or AlF revealed the release of these proteins from mitochondria. Other
samples were run as whole lysates and blotted for pro- and mature caspase-9, caspase-3, and caspase-1 or for Rip2 (bottom 4 blots). All blots were stripped and reprobed with antibodies to 3-actin
to confirm uniform loading. Test and control groups had three to five mice each. Bar graphs were generated by densitometry, thereby revealing the magnitude of each signal once normalized to that
for B-actin (*p << 0.05, **p << 0.001). B, Brain sections were immunostained with antibodies to cytochrome c or activated caspase-3. Data from tissue slices were equivalent to those from Western
blots: in R6/2 mice, there was cytochrome ¢ release from mitochondria and caspase-3 activation. Both molecular changes were countered by administering melatonin.

Mutant htt-mediated toxicity selectively causes MT1

receptor loss

We investigated whether the toxicity of mutant htt correlates
with changes in the expression of melatonin receptor MT1, re-
ceptor MT2, or both. We found that levels of MT1 protein
dropped significantly when mutant htt ST14A cells were shifted
to a nonpermissive temperature. Decreased levels of MT1 recep-
tor were also observed when these cells were exposed to H,0,
(Fig. 3A). In both conditions, statistical analysis demonstrate that
melatonin treatment significantly ameliorated MT1 loss (Fig.
3A). In the same cells, however, neither stress altered the level of
MT?2 protein (Fig. 3A). These data, as well as the ability of luzin-
dole to inhibit melatonin-mediated protection, points to the
MT1 receptor as a key modulator of this effect.

Next we compared the effect of stress on MT1 expression in
parental and mutant htt ST14A cells. We found that temper-
ature shift with SDM [which also induces cell death in the
parental cell line but to a lesser degree than in the mutant htt
line (Wang et al., 2005)] induced a moderate decrease in ex-
pression of MT1 (Fig. 3B). However, the change in MT1 ex-
pression was less dramatic in parental ST14A cells (51%)
compared with mutant htt ST14A striatal cell lines (82%).
This suggests that loss of MT1 receptor is not a specific mutant
htt-mediated phenomenon but rather a more fundamental
response to cellular stress.

Knockdown of MT1 sensitizes neurons to cell death, whereas
its overexpression is neuroprotective

To confirm the importance of the MT1 receptor to the action of
melatonin, we used the technique of RNA interference. Four
DNA fragments were synthesized, each encoding an siRNA tar-
geting the MT1 message. These molecules were transfected into
mutant htt ST14A striatal cells with ~90% efficiency. Of the four
oligonucleotides, MT1 siRNA1 and MT1 siRNA2 effectively
diminished levels of the MT1 mRNA and the encoded protein
(Fig. 3C,D).

We investigated the effects of RNAi-mediated knockdown of
MT1 in mutant htt ST14A cells. Test cells expressing MT1 siRNA
1 or siRNA 2 and an appropriate control were challenged by shift
to nonpermissive conditions, exposure to H,O,, or treatment
with TNFa/CHX. In all three systems, MT1 knockdown com-
pletely eliminated melatonin-mediated protection (Fig. 3E).

Increasing the abundance of MT1 is expected to make cells
more resistant to cell death. To test this hypothesis, we con-
structed the plasmid pcDNA3.1-MT1-GFP, a DNA molecule
that expresses the MT1 receptor fused to GFP. Mutant htt ST14A
cells were transiently transfected with either this plasmid or a
control GFP-expressing plasmid. When shifted to 37°C with
SDM, control cells underwent extensive cell death, whereas ones
expressing the MT1-GFP fusion protein were relatively resistant.
This qualitative observation was made rigorous by counting the
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Figure6. MT1but not MT2 receptor is depleted in brains of R6/2 mice; mRNA MT1 levels are restored by melatonin. 4, B, At 25
weeks, brains were removed from saline- and melatonin-treated R6/2 mice and from their wild-type littermates. Samples were
homogenized and lysates were analyzed by qRT-PCR (top row) or Western blotting with antibodies to MT1 and MT2 (bottom 2
rows). Uniform loading was confirmed by reprobing with antibodies to 3-actin. Images were analyzed by densitometry (bottom
row) (test and control groups had n = 4-7. *p << 0.05, **p << 0.001). C, At 25 weeks, brains from R6/2 mice and their
age-matched wild-type littermates were cryoprotected, sectioned, and stained with anti-MT1 antibodies. Preparations were
blocked and stained with a secondary FITC-conjugated antibody. DAPI was used as a nuclear counterstain. Images (green from
FITC-conjugated antibodies or blue from DAPI) are representative preparations from three R6/2 and three wild-type mice. D, E,
Mitochondrial and cytosolic fractions of brain lysates were separated by centrifugation. Preparations in D were exclusively from
wild-type mice; those in Ewere from both R6/2 and wild-type mice. D, MT1 protein was found in both cytoplasm and mitochondria,
whereas MT2 was almost exclusively cytoplasmic. Blots were stripped and reprobed with antibodies to COX IV or tubulin, confirm-
ing the purity of the mitochondrial and cytoplasmic fractions. Each well was loaded with the indicated amount of protein. E, Levels
of MT1 receptor in the mitochondria were lower in R6/2 brains than in wild-type controls. MW, Molecular weight.
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supports our contention that neuroprotec-
tion by melatonin depends on its interac-
tion with this receptor molecule.

Melatonin delays disease onset and
mortality in R6/2 mice
Having established the ability of melato-
nin to inhibit cell death in vitro, we inves-
tigated its effects in a mouse model of HD.
We used the R6/2 mouse, a transgenic ani-
mal expressing a human gene encoding the
N-terminal portion of polyQ-expanded
huntingtin (Mangiarini et al., 1996). Begin-
ning at 6 weeks of age, R6/2 littermate mice
received daily intraperitoneal melatonin in-
jections of 30 mg/kg or saline vehicle (n =9
and 6, respectively; Fig. 4A--D). Disease on-
set, defined as the age when mice can no
longer remain for 7 min on a rotarod turn-
ingat 15 rpm (Fig. 4A), was delayed 19% by
melatonin treatment. Declining perfor-
mance on a rotarod turning at 5 rpm (a
more sensitive indicator of symptomatic
disease progression) was also slowed by
melatonin (Fig. 4 B). Finally, melatonin pro-
longed the lifespan of these HD mice by
18% (Fig. 4D). In addition, using a larger
sample size that includes both littermate
and nonlittermate R6/2 mice that received
daily intraperitoneal melatonin injections of
30 mg/kg (n = 12) or saline vehicle (n = 24),
we found that disease onset was delayed
23% by melatonin treatment, whereas mel-
atonin prolonged the lifespan of these HD
mice by 21% (data not shown). In the
course of disease progression, R6/2 mice
lose a significant amount of body
weight. The time course of weight loss is
not significantly altered by melatonin in
littermate mice (Fig. 4C) or in the entire
sample, including littermates and non-
littermates (data not shown). This remains
true regardless of whether male and female
mice are analyzed together or separately. Itis
noteworthy that, in many other studies us-
ing animal models for neurologic disease,
drug and gene therapies are found not to
change the pattern of weight loss (Ona et al.,
1999; Chen et al., 2000; Chopra et al., 2007;
Masuda et al., 2008; Wang et al., 2008).
Progressive ventriculomegaly is ob-
served in R6/2 mice (Ferrante et al., 2002).

cells with morphologic features indicative of apoptosis (i.e., cell
shrinkage and chromatin condensation). Mitochondrial function
was determined by the MTS assay, again showing that pcDNA3.1—
MTI1-GFP rescues mutant htt ST14A from cell death caused by this
stress (Fig. 3F). The overexpression of the MT1 receptor (in the
absence of exogenous melatonin) is sufficient to significantly atten-
uate the temperature shift-mediated cell death demonstrates that
MT1 receptor itself is neuroprotective. Increasing the abundance of
MTT1 by either the transient transfection of MT1 receptor or the
stimulation of melatonin (agonist of MT1) make cells more resistant
to cell death. The correlation of MT1 concentration and cell rescue

Moreover, neuroprotective drugs counter this pathology (Fer-
rante et al., 2002; Stack et al., 2006; Wang et al., 2008). Conse-
quently, we monitored ventricular hypertrophy in melatonin- and
saline-treated R6/2 mice. We found that melatonin treatment signif-
icantly reduced ventriculomegaly in this animal model for HD (sa-
line, 4.07 + 1.02 mm % melatonin, 0.91 = 0.39 mm?; F, ;4 = 15.12,
*p < 0.01) (Fig. 4E).

Progressive accumulation of huntingtin-protein aggregates in
neurons is a pathological hallmark in R6/2 mice (Turmaine et al.,
2000). This process was modestly slowed by melatonin treat-
ment, although our results were not statistically significant



14504 - ). Neurosci., October 12, 2011 - 31(41):14496 —14507

Wang et al. ® MT1 Receptor Axis and Huntingtin-Mediated Toxicity

(saline, 5.27 X 10° = 1.18 melatonin, A 4§ L . B £ y
5.06 X 10+ 1.04; F, 5, = 21.61,p = 0.27) S 1 2 12
(Fig. 4F). The failure of melatonin to pre- E . E .
vent formation of huntingtin aggregates g o g o
resembles observations using a filter- 9 o2 |i| Y a2
retardation assay in vitro (Heiser et al., g ° § o
2000). Furthermore, several neuroprotec- Control HDI HDIV Control HDI HDIV

A . . n=4 n=4 n=7 n=4 n=4 n=4
tive in vivo regimens failed to stop such pro- -
tein aggregation (Ona et al., 1999; Chen et 37 kDa

e - g o o e - T V1T
al., 2000; Wang et al., 2008). ‘
The most important finding discussed ~ Bactin| S— - sl o D P P |l

ibox',edis tl:lat l’l"lelaFOIliIlfinlillibditS I}:luta}l:t Control ~ human HD stagelI  human HD stage IV Control human HD stage TV

tt-induced activation of cell-death path-
ways in cultured cells (Fig. 1). Analogous  Figure7. MT1 protein is progressively depleted in the brains of HD patients; MT2 protein s retained. 4, B, Postmortem brain

experiments in R6/2 mice demonstrated
the ability of melatonin to effect equiva-
lent changes in vivo. In particular, mito-
chondrial release of cytochrome ¢, AIF,
and Smac was significantly diminished in
R6/2 mice by administration of melatonin
(Fig. 5A). As reported previously, we found that brain tissue from
R6/2 mice contains activated caspase-9 and caspase-3 (Chen et
al., 2000; Kiechle et al., 2002; Wang et al., 2003). Moreover, ad-
ministration of melatonin diminished these proapoptotic
changes (Fig. 5A, B).

The Rip2/caspase-1-mediated cell-death pathway is another
physiological process important to neuronal dysfunction in R6/2
mice (Wang et al., 2005). Consequently, we determined whether
the benefit of melatonin to these mice is associated with inhibi-
tion of this pathway. As described previously (Chen et al., 2000;
Wang et al., 2003, 2005; Zhang et al., 2003b), Western blots of
brain tissue from R6/2 mice revealed upregulation of Rip2 ex-
pression and increased caspase-1 cleavage (Fig. 5A). Consistent
with our observations in cellular models for HD (Fig. 1 D, E), we
found that melatonin inhibits Rip2 upregulation and caspase-1
activation in R6/2 mice (Fig. 5A).

Levels of MT1 receptor decline as HD progresses; melatonin
halts its depletion
It is evident from Figure 3A that depletion of MT1 receptor is
associated with cell death in mutant htt ST14A cells. Knockdown
of MT1 expression eliminates melatonin-mediated neuroprotec-
tion (Fig. 3E). In addition, overexpression of MT1 results in in-
creased resistance to cell death (Fig. 3F). To evaluate the potential
role of the MT1 receptor in vivo, we determined the abundance of
protein in the brains of R6/2 mice. We found the MT1 receptor to
be less abundant in brain tissue from symptomatic R6/2 mice
than in equivalent samples from age-matched wild-type litter-
mates. In contrast, levels of MT2 receptors were similar in brains
from R6/2 and control mice. As observed for the receptor protein,
there was less MT1 mRNA in R6/2 than in wild-type brains (Fig.
6A). Remarkably, treating R6/2 mice with melatonin countered
the loss of MT1 receptor mRNA (p < 0.001). This increase in
MT1 mRNA was reflected in a nonstatistically significant increase
on MT1 protein. Consistent with observations in cellular models
for HD, levels of MT2 receptor protein and mRNA were similar
in brains of wild-type, saline-injected R6/2, and melatonin-
treated R6/2 mice (Fig. 6 B). The most significant reductions in
MT1 receptor expression occurred in the cortex (Fig. 6C), with
more subtle effects in the striatum (data not shown).

The highest subcellular levels of melatonin are observed in
mitochondria (Martin et al., 2000). Consequently, we measured
levels of melatonin receptors in brain mitochondria from R6/2

samples from human caudate and putamen were obtained from persons deceased at HD grades Il and IV or from non-neurologic
control patients. Tissue homogenate was analyzed by qRT-PCR using primers appropriate for the MT7 transcript and by Western
blotting with antibodies to MT1 protein (A). Equivalent experiments were conducted using primers for M72 mRNA and antibodies
to MT2 protein (B). To confirm uniform loading, all gels were reprobed using antibodies to B-actin (n = 4 for group HD grade I, 7
for HD grade 1V, and 6 for controls; *p << 0.05). MW, Molecular weight.

and wild-type mice. We found that both MT1 and MT?2 receptors
are expressed in brain mitochondria (Fig. 6 D), suggesting that
the mitochondrial cell-death pathways may be mediated at least
in part by the interactions of melatonin with its receptors, al-
though it is possible that melatonin has additional, non-receptor-
mediated targets. In whole-cell extract, the level of MT1 is lower
than that of MT2 receptor (Fig. 6 D, right). Consistent with its
role in cell death pathways, MT1 receptor is enriched in the mi-
tochondrial fraction (Fig. 6 D, left). Furthermore, MT1 receptor
is decreased fourfold in brain mitochondria from R6/2 mice
compared with wild-type littermates (Fig. 6 E).

Expression of MT1, MT2, and the encoding mRNAs in

human striatum

To determine the relevance of our cellular and mouse models of
HD to clinical cases, we investigated the expression of MT1 and
MT?2 in human striatum. Levels of MT1 and MT?2 receptor pro-
teins and their respective mRNAs were measured in postmortem
samples of striatum from four persons who died at HD grade II
and seven persons who survived until grade IV. Data from these
samples were compared with that from controls, i.e., postmortem
tissue from six persons deceased of non-neurologic causes. We
observed progressive depletion of both the MT1 receptor protein
and the encoding MT1 transcript as demonstrated by the visible
MT1 lanes in the control samples, reduced intensity of MT1
bands in grade I samples, and the absence of MT1 bands in most
grade IV samples (Fig. 7A). Positive bands were visible in all lanes
using B-actin, demonstrating that sufficient protein was loaded
in each lane. Minor differences in loading of protein were ac-
counted for in the accompanying quantitative graph (Fig. 7A). In
contrast, there was little correlation of the levels of MT2 mRNA
or MT2 protein with the severity (or even presence) of HD (Fig.
7B). These analyses of melatonin receptors in human striatum
confirm the relevance to clinical HD of our findings in cellular
and mouse models.

Discussion

Melatonin interferes with the mitochondrial and the Rip2/
caspase-1 cell-death pathways

We have identified aberrant molecular events that favor activa-
tion of cell-death pathways in cellular and mouse models of HD.
In particular, depletion of the MT1 receptor within mitochondria
reduces the protective properties of melatonin, therefore increas-
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ing cellular vulnerability to proapoptotic challenge. An impor-
tant result came from investigations on MT1 expression in
conditionally immortalized mutant htt ST14A cells. In this sys-
tem, we observed depletion of MT1 mRNA and protein during
induction of cell death. In the mouse model of HD, melatonin
treatment increases RNA expression of the MT1 receptor. How-
ever, the data do not exclude the possibility that melatonin treat-
ment could also directly alter the expression of the huntingtin
gene, affecting disease onset, progression, and survival. It is note-
worthy that similar changes in the expression of melatonin recep-
tor occur in other neurodegenerative diseases and during aging
(Savaskan et al., 2002; Caballero et al., 2008; Sdnchez-Hidalgo et
al., 2009). Moreover, we observed low levels of MT1 (both pro-
tein and mRNA) in the brains of R6/2 mice and in postmortem
specimens of HD human striatum. RNAi-mediated knockdown
of MT1 receptor reduced the ability of melatonin to inhibit cell
death in vitro, increasing cellular vulnerability. Conversely, over-
expression of MT1 increased resistance to cellular stress.

The benefit of melatonin to stressed cells has been attributed
to its ability to scavenge free radicals (Lena and Subramanian,
2003). More likely than not, melatonin counters cell death
through both a receptor-mediated mechanism, as described
above, and an antioxidant mechanism because the administra-
tion of a neuroprotective dose of melatonin does not completely
restore MT1 expression. These actions become progressively at-
tenuated as melatonin levels decline during aging (Mocchegiani
et al., 1994; Carranza-Lira and Garcia Lopez, 2000). Changes in
expression of the melatonin receptor may also contribute to this
downward trend. There is a large variability in melatonin pro-
ductivity depending on mouse genetic background (Kasahara et
al., 2010), and inbred strains of laboratory mice such as C57BL/6]
were found not to have detectable melatonin in their pineal
glands.

Our investigations on melatonin were motivated by the ability
of the compound to inhibit calcium-induced cytochrome c re-
lease from purified mitochondria (Wang et al., 2008). When ad-
ministered to cells, melatonin blocked transfer to the cytoplasm
of cytochrome ¢ and blocked the release of mitochondrial factors
Smac/Diablo and AIF. Because mitochondria are the organelles
dedicated to generation of energy, they affect every aspect of cel-
lular metabolism. Moreover, maintaining a rich store of ATP is
particularly important at times of cellular stress, e.g., when cells
are challenged by the expression of mutant htt. A molecular event
characteristic of the cell-death process is dissipation of the mito-
chondrial membrane potential (AW, ). Not surprisingly, loss of
AW is observed in models for many neurodegenerative disease,
including ones for HD (Andrabi et al., 2004). We have now dem-
onstrated that melatonin inhibits mutant htt-induced AW, loss
(Fig. 1 F). This activity further inhibits the release of mitochon-
drial proapoptotic factors and makes melatonin all the more po-
tent at countering cell death.

Rip2 dysregulation mediates aberrant caspase-1 activation in
HD (Wang et al., 2003) and in cerebral ischemia (Zhang et al.,
2003a). Other researchers have observed increased levels of Rip2
in Alzheimer’s disease (Engidawork et al., 2001). We recently
reported that melatonin inhibits caspase-1 activation in an exper-
imental model of cerebral ischemia (Wang et al., 2009). We now
show that melatonin counters the upregulation of Rip2 in both
mutant htt ST14A cells transferred to nonpermissive conditions
(Fig. 1) and R6/2 transgenic mice (Fig. 5). Moreover, Rip2 pro-
tein stimulates autocatalytic activation of procaspase-1 (Thome
etal., 1998). The ability of melatonin to rescue stressed cells is apt
to result, at least in part, from its targeting of this upstream event
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in the cell-death pathway. Alternatively, or in addition, the pri-
mary target of melatonin may be the mitochondria, because up-
stream modulation of cell death pathways may result from a
feedback-loop response.

Melatonin and its analogs are candidate drugs for HD therapy
The potential benefits of melatonin have been evaluated in pa-
tients with and in animal models for Alzheimer’s disease (Srini-
vasan et al., 2006), amyotrophic lateral sclerosis (Weishaupt et al.,
2006), Parkinson’s disease (Willis and Armstrong, 1999; Medei-
ros et al., 2007), stroke (Kilic et al., 2004; Dominguez-Rodriguez
etal., 2007), epilepsy (Gupta et al., 2004; Savina et al., 2006), and
traumatic brain injury (Ozdemir et al., 2005).

Melatonin is an endogenous hormone with great importance
to health and disease. A gradual decrease in melatonin produc-
tion has been observed in both a mouse model of aging (Moc-
chegiani et al., 1994) and investigations on human subjects
(Carranza-Lira and Garcia Lopez, 2000). Recently, a significant
delay was reported in melatonin peaks in humans with early-
stage HD. Furthermore, there is a progressive reduction of mel-
atonin blood levels associated with increasing disease severity
(Aziz et al., 2009). Low levels of circulating melatonin is not
specific to HD; it has also been observed in patients with Alzhei-
mer’s disease (Ozcankaya and Delibas, 2002) and Parkinson’s
disease (Blazejova et al., 2000).

2-lodomelatonin, an agonist of MT1 and MT2, shares the
neuroprotective properties of melatonin. Conversely, luzindole,
an antagonist of these two receptors, eliminates neuroprotection
by melatonin. The structures of these three molecules are shown
in Figure 2, and their respective effects on cell death are noted.
These observations are of practical importance: melatonin ana-
logs and other agonists of the melatonin receptors are potential
drugs for treating HD. In this manner, we hope to identify mol-
ecules that have a longer half-life than melatonin (20—-50 min)
(Waldhauser et al., 1984).

We and others have conducted drug trials in HD transgenic
mice. Thirty-two potentially therapeutic agents are analyzed for
their relative effectiveness in monotherapies (table not shown).
Only five of these test compounds were observed to extend sur-
vival by >20%. Melatonin was one such drug, delaying mortality
by 21%. The low toxicity of melatonin and its ability to cross the
blood—brain barrier make it a potentially useful compound for
the treatment of HD.

In conclusion, we have demonstrated that the interaction of
melatonin with the mitochondrial MT1 receptor is critical for
neuroprotection. Neither the localization of MT1 receptors to
mitochondria nor their selective loss in HD has been reported
previously. In HD, pathologically low levels of circulating mela-
tonin and reduced expression of MT1 receptor increase the vul-
nerability of neurons to cell death. We have also demonstrated
that therapies that restore high levels of melatonin—-MT1 re-
ceptor complexes provide a potential avenue for neuroprotec-
tion in HD.
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