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Amitriptyline Improves Motor Function via Enhanced
Neurotrophin Signaling and Mitochondrial Functions in the
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and enhancing mitochondrial functions in HD mice.
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(Background: Etiology of Huntington disease (HD) is related to the overproduction of mutant huntingtin (mHTT)
Results: Amitriptyline improved motor symptoms via decreasing mHTT protein expression, improving neurotrophin signaling,

Conclusion: Amitriptyline demonstrated beneficial effects in HD mice.
Significance: Amitriptyline has therapeutic potential in treating HD.
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Huntington disease (HD) is a neurodegenerative disorder
characterized by progressive motor impairment and cognitive
alterations. Hereditary HD is primarily caused by the expansion
of a CAG trinucleotide repeat in the huntingtin (Htt) gene, which
results in the production of mutant huntingtin protein (mHTT)
with an expanded amino-terminal polyglutamine (poly(Q))
stretch. Besides pathological mHTT aggregation, reduced
brain-derived neurotrophic factor (BDNF) levels, impaired neu-
rotrophin signaling, and compromised mitochondrial functions
also contribute to the deleterious progressive etiology of HD. As
a well tolerated Food and Drug Administration-approved anti-
depressant, amitriptyline (AMI) has shown efficacy in treating
neurodegenerative murine models via potentiation of BDNF
levels and amelioration of alterations in neurotrophin signaling
pathways. In this study, we observed profound improvements in
the motor coordination of AMI-treated N171-82Q HD model
mice. The beneficial effects of AMI treatment were associated
with its ability to reduce mHTT aggregation, potentiation of the
BDNF-TrkB signaling system, and support of mitochondrial
integrity and functionality. Our study not only provides preclin-
ical evidence for the therapeutic potency of AMI in treating HD,
but it also represents an important example of the usefulness of
additional pharmacogenomic profiling of pre-existing drugs for
novel therapeutic effects with often intractable pathological
scenarios.
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Huntington disease (HD)* is a devastating autosomal domi-
nant neurodegenerative disease characterized by progressive
motor dysfunction, emotional disturbances, dementia, and
weight loss. Huntington disease occurs worldwide with a prev-
alence of 5-10 cases per 100,000 individuals (1). HD is primarily
caused by the expansion of a CAG trinucleotide repeat in the
Huntingtin (H¢t) gene. The extended CAG repeat leads to the
production of mutant huntingtin protein (mHTT) with an
expanded polyglutamine (poly(Q)) stretch near the amino ter-
minus of the protein. Multiple aspects of HD-related pathology
are mediated by mHTT intracellular aggregation. mHTT pro-
tein aggregates are commonly present in both patients (2) and
transgenic HD animal models (3). Mutant HT'T protein exerts a
toxic gain of function through aberrant protein folding and
interaction, as well as a loss of normal HTT function (4). The
diminution of mHT'T aggregates in HD mouse models by selected
therapies may be responsible for the significant improvement
in the behavioral and neuropathological HD phenotype (3, 5).
Soluble mHTT fragments may also mediate pathological activ-
ities in HD, and therefore reducing either mHTT aggregates
and/or soluble fragments is vital for therapeutic remediation of
HD (6, 7).

As a crucial pro-survival cellular factor, brain-derived neu-
rotrophic factor (BDNF) protects striatal cells from excitotoxic
insults in HD (8). Nonmutant endogenous HTT has been
shown to induce BDNF gene expression in cortical neurons;
although in contrast, mHTT can actively suppress BDNF
expression (9). Potentially as a result of mHTT accumulation,
reduced levels of BDNF have been found in both HD patient
postmortem brains (10) and transgenic mouse models of HD

“The abbreviations used are: HD, Huntington disease; BDNF, brain-derived
neurotrophic factor; AMI, amitriptyline; RER, respiratory exchange ratio;
SSRI, selective serotonin reuptake inhibitor; PYY, peptide YY; GIP, gas-
tric inhibitory peptide; PP, pancreatic peptide; CREB, cAMP-response
element-binding protein; VDAC, voltage-dependent anion channel;
DCX, doublecortin.
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(9); hence, it is likely that decreased expression of TrkB (the
cognate receptor for BDNF) (11) and impaired BDNF-medi-
ated neurotrophic signaling pathways may contribute to the
pathogenesis of HD (12).

In addition to poor neurotrophic support, mitochondrial
dysfunction is also regarded as a hallmark of HD pathophysiol-
ogy (13). Studies of mitochondria isolated both from HD
patients (14) and HD mouse models (15) suggest that mHTT
itself may directly interact with mitochondria, leading to mito-
chondrial depolarization with decreased calcium ion levels (16).
In addition, a growing body of evidence has demonstrated that
the transcriptional repressive activity of mHTT upon one of the
key regulators of mitochondrial biogenesis, peroxisome prolif-
erator-activated receptor vy coactivator la (PGC-1a), leads to
mitochondrial malfunction and advanced neurodegeneration
in HD (17).

Currently, no effective treatment exists for HD, and there is a
paucity of effective pharmacotherapeutic treatments for early
and late term HD. Several rational strategies have been pursued
in the development of HD disease-modifying drugs, including
targeting mHTT aggregation inhibition, transcriptional regula-
tion, and neuron preservation/neuroprotection and mitochon-
drial function modulation (18). Neuroprotective compounds
that can slow down disease progression with few side effects
have been studied for treating HD. For example, selective sero-
tonin reuptake inhibitors (SSRIs), a class of drugs that is widely
used for the treatment of patients with depression and severe
anxiety disorders, have been shown to increase BDNF expres-
sion (19, 20) and stimulate neurogenesis responsive to BDNF.
Duan et al. (21-23) have demonstrated that several SSRI com-
pounds, including paroxetine and sertraline, elicited beneficial
effects in HD mice. Grote et al. (24) also showed that fluoxetine,
another SSRI drug, improved hippocampus-dependent cogni-
tive and depressive-like behavioral symptoms that occur in HD
mice by rescuing deficits of neurogenesis and volume loss in the
dentate gyrus. Wang et al. (25) characterized the neuroprotec-
tive effects of nortriptyline, a tricyclic antidepressant, in mouse
models of chronic neurodegeneration (amyotrophic lateral
sclerosis and HD). They found that nortriptyline significantly
delayed disease onset and extended the life span of HD mice by
extending the presymptomatic portion of the disease without
affecting mortality. In an established cellular model of HD, they
also reported that nortriptyline inhibited mitochondrion-me-
diated cell death and decreased loss of mitochondrial mem-
brane potential (25).

In contrast to the expensive, risk-overt, and time-consuming
nature of de novo drug development, perhaps a more effective
approach may be the “resourcing” of previously approved, and
well tolerated, therapeutics in new pharmacogenomic settings.
Seeking effective treatments in Food and Drug Administration-
approved drugs has become a promising drug discovery route for
HD, as well. Masuda et al. (26) showed Food and Drug Adminis-
tration-approved drug tiagabine significantly extended survival,
improved motor performance, and attenuated brain atrophy and
neurodegeneration in N171-82Q HD mice. Based on above HD
therapeutic research experience, in this study, we focused on the
Food and Drug Administration-approved drug amitriptyline
(Elavil).
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Amitriptyline (AMI) is a member of the family of tricyclic
antidepressants. In addition to its anti-depressant actions, AMI
is also currently prescribed for the treatment of neuropathic
pain, suggesting dose-dependent pluripotent actions of this
drug (27). Interestingly, several studies have indicated that AMI
elicits strong neurotrophic activity via a productive interaction
with the BDNF neurotrophin tyrosine kinase receptor B (TrkB)
system (28, 29). We have also demonstrated previously that
AMI enhances cognitive function in aged Alzheimer disease
mice, in a strongly BDNF/TrkB-dependent manner. This ther-
apeutic activity was also closely associated with the activation of
adult neurogenetic pathways (27). Based on the pathological
features of HD, the close association between BDNF and HD,
and the promising neuroprotective potency of AMI, we aimed
to investigate the therapeutic potential of AMI in HD.

EXPERIMENTAL PROCEDURES

Animals, Drug Administration, and Tissue Collection—All ani-
mal procedures were approved by the Animal Care and Use Com-
mittee (ACUC) of the NIA. Male B6C3-Tg(HD82GIn)81Dbo/]
(N171-82Q) mice and male wild-type (WT) littermates, 2
months of age, were maintained on a 12-h light/dark cycle in
pathogen-free conditions. All animals received food and water
ad libitum. The treatment group received 16 ug/g body weight
(per day) of amitriptyline hydrochloride (AMI) per os in their
drinking water (Sigma) for 6 weeks (n = 12/strain, AMI or
WT-AMI), whereas the vehicle group (control) received plain
animal facility drinking water (# = 12/strain, control and WT).
Treatment was started when HD animals were pre-symptomatic
(2 months of age) and continued for 6 weeks. Age-matched female
B6C3-Tg(HD82GIn)81Dbo/] (N171-82Q) mice were also used
for the body weight evaluations (n = 8/treatment). Body weight
was measured weekly. At the end of the study, mice were eutha-
nized via isoflurane inhalation and decapitation (Butler Animal
Health Supply, Dublin, OH). Nine brains from each group were
carefully dissected on ice, snap-frozen, and stored at —80 for
further analysis. The remaining three brains from each group
were fixed with 4% paraformaldehyde after perfusion, which is
described in detail below. Blood samples for hormone measure-
ments were collected as described previously (30). In brief,
trunk blood was collected in an EDTA-coated plasma collec-
tion tube (VWR, Radnor, PA) and stored on wet ice for 1 h
before being spun down at 3000 rpm for 30 min at 4 °C. The
supernatant was removed immediately and stored at —80 °C
until later analysis.

Motor Performance Assessments—Motor coordination was
assessed using both an accelerating Rotarod and mouse beam
walking assay as described previously (31). A Rotarod apparatus
was used to test motor function on a weekly basis (Med Asso-
ciates Inc., St. Albans, VT). Briefly, mice were trained to remain
on the spinning Rotarod apparatus during a 2-min habituation
trial (four revolutions per min (rpm)) on the day prior to the
testing day. On test days, the mice were placed on the Rotarod,
which gradually accelerated from 4 to 40 rpm over a 5-min time
interval. The test was performed twice per day, and the latency
to fall was measured and averaged. Rotarod performance was
assessed weekly. The mouse beam walking assay is regarded as
a more sensitive but less stressful motor coordination task. In
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this study, all animals were also evaluated with this test as
described previously (31). Briefly, mice were placed on the
beam at one end and allowed to walk to the goal box. Mice that
fell were returned to the position from which they fell, with a
maximum time of 60 s allowed on the beam. The measurements
taken were time on beam and the number of foot slips (one or
both hind limbs slipped from the beam). Prior to all experimen-
tal procedures, animals were habituated to the testing room
environment for at least 30 min.

Metabolic Hormone Measurements—Plasma glucose levels
were measured using the EasyGluco blood glucose system (US
Diagnostics, Inc., New York). Plasma metabolic hormones,
including insulin, leptin, peptide YY (PYY), gastric inhibitory
peptide (GIP), and pancreatic peptide (PP), were measured
using a rodent multiplex assay kit (Millipore, Billerica, MA) as
described previously (32). Each sample was assayed in duplicate
on a 96-well plate. Plasma lipid levels, including triglycerides
and total ketone bodies, were assayed using enzymatic methods
with commercial kits (Wako Chemicals USA, Inc., Richmond,
VA) according to the manufacturer’s instructions.

General Metabolic Status Evaluations—A comprehensive
animal metabolic monitoring system (CLAMS; Columbus
Instruments, Columbus, OH) was used to evaluate total energy
expenditure and activity. On the test day, all animals were
allowed to habituate to the testing environment for 30 min in
their home cages. Additionally, once placed in the metabolic
chambers, animals were given 2 h prior to formal data collec-
tion to acclimatize to the metabolic chamber environment. The
respiratory exchange ratio (RER) is the ratio of VCO, to VO,.
VO, and VCO, represent the volume of O, consumption and
the volume of CO, production, respectively (33). Activity was
measured on the x and z axes by using infrared beams to count
the beam breaks at consecutive intervals during a specified
measurement period (24 h).

Western Blot Analysis in Mouse Striatum and Cortex—Stria-
tum, cortex, and hippocampus tissues were processed using the
Qproteome™ cell compartment kit according to the manu-
facturer’s instructions (Qiagen, Valencia, CA). All protein
extracts were quantified using BCA reagent (ThermoScientific,
Rockford, IL) before resolution with SDS-PAGE and electro-
transference to PVDF membranes (PerkinElmer Life Sciences).
Membranes were blocked for Western blots as described pre-
viously (34), and primary antibody immune-reactive complexes
were identified using alkaline phosphatase-conjugated second-
ary antisera (Sigma) with enzyme-linked chemifluorescence
(GE Healthcare) and visualized with a Typhoon 9410 phospho-
rimager (GE Healthcare). Blots were probed with antibodies to
mutant HT'T (S830, gift from Dr. Gillian Bates), wild-type HT'T
(anti-mouse huntingtin protein antibody MAB2166, Millipore,
Billerica, MA), DARPP32 (anti-DARPP32, Millipore), phos-
pho-Thr**-DARPP32, phospho-Ser’-GSK38, GSK3f, phos-
pho-Ser*”2-AKT, AKT, phosphor-Ser'**-CREB, CREB, VDAC,
complex IV, UCP2, PGClea, HSP70, HSP90, pro-BDNF, BDNF,
phosphor-Tyr490—Trl<B, TrkB, phospho-ERK1/2, ERK1/2, syn-
aptophysin, and PSD95 (Cell Signaling Technology, Beverly,
MA). B-Actin (A5316) antibody was purchased from Sigma. All
reported values were normalized to actin expression.
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Immunochemistry Evaluations of mHTT in Mouse Brain—
Mice were deeply anesthetized with carbon dioxide and tran-
scardially perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). Brains (n = 5/group) were postfixed,
cryoprotected in 20% sucrose/phosphate buffer, and sectioned
(40 wm, coronal) using a freezing microtome. The sections
were processed for immunohistochemical localization of
mutant huntingtin protein (1:200; mutant huntingtin protein
antibody MAB5374, Millipore), using Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA) and developed using a
Dako liquid diaminobenzidine substrate chromogen system
(Dako Cytomation) as described previously (35, 36). A biotiny-
lated secondary goat anti-mouse antibody was used at 1:500
(Vector Laboratories). To assess total huntingtin staining (dif-
fuse and aggregate), a sample area of 0.85 X 0.70 mm? was
photographed using 10X objective with a video capture system
(B/W CCD camera coupled to an Olympus IX51 upright micro-
scope, Olympus, Center Valley, PA). For both diffuse and
aggregate measures, with Image]J (Version 1.61, National Insti-
tutes of Health), the digital grayscale images were converted
into binary positive/negative data using constant threshold
limit as described previously (27). The cell number of mHTT-
positive cells (i.e. immunoreactive cells) was quantified for each
image and averaged across images for each brain region in each
animal to generate immunoreactive cell density (cell/mm?).
Quantified fields were selected systematically using a predeter-
mined pattern to maximize analysis of immunoreactivity in
each brain region. The same image exposure time was applied
to sections from all treatment groups within a given compari-
son. Following antigen retrieval with a 1X citrate buffer (Bio-
genex, San Ramon, CA) at 98 °C for 20 min, immunofluores-
cence analyses were performed as described previously (37).
Brain sections were blocked in 5% bovine serum albumin (BSA;
Sigma) and 0.1% Tween 20 in 1X Tris-buffered saline (TBS)
(pH 7.4) for 1 h at room temperature, followed by incubation in
a primary antibody (mHTT clone MAB5374, Millipore 1:200;
NeuN MAB377, Millipore 1:200; MAP2, Abcam (Cambridge,
MA), 1:200) in 1% BSA and 0.1% Tween 20 in TBS (pH 7.4)
overnight at4 °C. After washing, sections were incubated for 1 h
in fluorescent secondary antibodies (1:1000 dilution; Invitro-
gen) along with DAPI (1:5000 dilution; Invitrogen) for nuclear
staining. No fluorescent staining was observed in any sections
when the primary antibodies were omitted.

Stereological Analysis—The optical fractionator probe of Ste-
reoinvestigator software (MicroBrightField, Inc., Williston,
VT) was used to obtain an unbiased estimate of NeuN-positive
neurons in the striatum and associated cortex (located in the
same section with striatum) as per the atlas of the mouse
brain by Franklin and Paxinos (38). Stereological parameters
were as follows: counting frame, 50 X 50 wm; optical dissec-
tor, 40 pum; grid size, 900 X 900 wm. For the population size
estimate (number of sections per animal), a target coefficient
of error (Gundersen’s m = 1) of less than 0.10 was consid-
ered acceptable. Neuron counting was performed by the
investigator blinded to treatment history.

Microarray and Bioinformatics Analyses—Microarrays were
scanned using an Illumina BeadStation Genetic Analysis Sys-
tems scanner, and the image data were extracted using the Illu-
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mina BeadStudio Version 3.0. Quantitative Venn diagram dis-
tribution of significantly regulated transcripts was performed
with VennPlex (39). Pathway annotation of these significantly
regulated transcripts was then performed using specific para-
metric gene set enrichment analysis as described previously
(40). In addition, we applied the use of a novel latent semantic
analytical platform, Textrous! (41), to extract textual functional
insights into the therapeutic activity of amitriptyline.

RNA Extraction and Real Time PCR Analysis—A two-step
real time reverse transcription (RT) was performed to reverse
transcribe total RNA into cDNA. Next, PCR was carried out
using gene-specific primer pairs and SYBR Green PCR master
mix (Applied Biosystems, Foster City, CA) in an ABI Prism
7000 sequence detection system (Applied Biosystems). The
amplification conditions were 50 °C (2 min), 95 °C (10 min),
and then 40 cycles at 95 °C (15 s) and 60 °C (1 min). The data
were normalized to glyceraldehyde-3-phosphate dehydroge-
nase (Gapdh) mRNA. All real time PCR analyses are repre-
sented as the mean = S.E. from at least three independent
experiments, each performed in triplicate.

Statistical Analyses—Student’s ¢ tests were used for compar-
ison between AMI-treated HD mice and control HD mice in all
experiments. p < 0.05 was considered statistically significant
throughout the study. Error bars on graphs represent the £95%
confidence interval. All data represent means = S.E.

RESULTS

General Somatic Effects of Amitriptyline in N171-82Q Mice
and WT Mice—Recent findings have elucidated the important
role of whole-body metabolic disturbance in the pathogenesis
of HD. To comprehensively capture the potential effects of
AMI treatment in the physiological context of an HD condition,
we evaluated the gross metabolic response of N171-82Q mice
and their WT littermates to this pro-neurotrophic agent (27).
We first analyzed the effects of AMI on body weight changes.
Because the body weights of male HD mice and female HD mice
are different and may respond differently to drug treatment, we
evaluated the body weight changes for both genders. We found
that a 6-week AMI treatment did not significantly alter body
weight in both male and female HD mice, compared with their
control HD mice (Fig. 1, A and B). However, in WT mice, AMI
treatment slightly slowed the body weight gain (Fig. 1C); espe-
cially at week 6 (p < 0.05, WT versus WT-AMI). AMI treatment
did not alter or extend the life span in HD mice (data not
shown).

We further evaluated the effects of AMI on metabolic hor-
mones in male HD and male WT mice. In HD mice, although
AMI did not affect fasting glucose levels (Fig. 1D), circulating
insulin levels were significantly reduced (Fig. 1E). AMI treat-
ment also significantly attenuated circulating triglyceride levels
(Fig. 1F), with a simultaneous potentiation of circulating ketone
levels (Fig. 1G). No additional changes in other metabolic hor-
mones (leptin, PYY, PP, and GIP) were found with AMI treat-
ment (Fig. 1, H-K). In WT mice, expect a significant decrease of
triglyceride levels (Fig. 1N), but all other above-mentioned met-
abolic parameters are comparable between AMI-treated and
vehicle-treated animals (Fig. 1, L-S).
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Complementing our analysis of circulating metabolic hor-
mones, we also assessed the effects of AMI treatment upon
whole-body metabolism (Fig. 2). No significant effects of AMI
upon VO,, VCO.,, or RER were found in the HD mice (Fig. 2,
A-C). AMI did, however, cause nonsignificant reductions of
food (Fig, 2D) and water (Fig. 2E) intake. There was also a trend
for reduced ambulatory activity in the AMI-treated mice; how-
ever, this was not significant (Fig. 2F). Commensurate with this
last finding, we found that there was a nonsignificant increase
in dark-phase sleep time (Fig. 2G) and a significant increases in
light-phase sleep time (Fig. 2H), resulting in an overall small
nonsignificant increase in total sleep (Fig. 27). In WT mice, AMI
also did not affect VO,, VCO.,, or RER (Fig. 2, J-L). The food
(Fig. 2M) and water (Fig. 2N) intake of WT-AMI mice were also
comparable with water-treated WT mice. However, there was a
trend for increased ambulatory activity in the AMI-treated WT
mice (Fig. 20), which led to a significant decrease in light-phase
sleep time (Fig. 2P), dark-phase sleep time (Fig. 2Q), and total
sleep time (Fig. 2R).

Amitriptyline Reduces Central Nervous Tissue Immunoreac-
tive mHTT Levels and Increases NeuN-positive Cell Numbers in
N171-82Q Mice—Reduction of mHTT protein expression in
the brain is regarded as a potential therapeutic strategy in HD.
We evaluated the effects of AMI treatment upon mHTT pro-
tein expression in tissue sections or tissues from multiple brain
regions using diaminobenzidine staining, Western blot, and
fluorescent immunostaining (Fig. 3). With diaminobenzidine
staining, we found AMI treatment induced significant reduc-
tions of mHTT-positive cell density in both cortex (Fig. 34) and
striatum (Fig. 3C). A nonsignificant decrease of mHT T-positive
cell density was also observed in the hippocampus (Fig. 3B).
Using Western blot analysis, we verified changes of mHTT pro-
tein in three brain regions (Fig. 3, D—F). In addition, we also
applied fluorescent immunostaining to evaluate this AMI-in-
duced mHTT clearance. Once again, we found that AMI treat-
ment effected a profound reduction in the number of mHTT-
reactive cells in the cortex (Fig. 3G), hippocampus (Fig. 3H),
and striatum (Fig. 3/) of the HD mice. To assess the potential
neuroprotective effects of AMI, we also performed stereologi-
cal analysis on striatal and cortical NeuN-positive cells. AMI-
treated HD mice possessed significantly higher estimated
NeuN-positive cell numbers than control HD mice, in both
cortex (Fig. 3)) and striatum (Fig. 3K).

Functional Bioinformatics Signatures of AMI Activity across
Multiple Central Nervous Tissues—We next investigated the
ability of AMI to effect potential therapeutic effects, i.e. mHTT
clearance across the central nervous system (CNS) using an
unbiased transcriptomic approach (42). Hence, we performed a
quantitative assessment of the multidimensional transcrip-
tomic effects of AMI in cortical (supplemental Table S1), hip-
pocampal (supplemental Table S2), and striatal (supplemental
Table S3) tissues of HD mice. To validate our transcriptomic
data, we chose three random transcripts (Slc13A4, SIc6A13, and
Cd59a) on which we performed real time PCR with gene-spe-
cific primers. All PCR results reliably recapitulated our tran-
scriptomic data (data not shown). Using VennPlex analysis of
the multitissue effects of AMI, we found that of the total of 752
significantly AMI-regulated transcripts in all three tissues (cor-
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FIGURE 1. AMI treatment alters circulating murine metabolic factors and body weight. A, alterations in body weight between AMI-treated and vehicle-
treated male HD mice (vehicle-treated, black line, AMI-treated, gray line). B, alterations in body weight between AMI-treated and vehicle-treated female HD
mice (vehicle-treated, black line; AMI-treated, gray line). C, alterations in body weight between AMI-treated and vehicle-treated male WT mice (vehicle-treated,
black line; AMI-treated, gray line). D, AMI-mediated effects on fasting glucose in HD mice. £, AMI-mediated effects on fasting insulin in HD mice. F, AMI-mediated
effects on the plasma triglyceride levels in HD mice. G, AMI-mediated effects on the plasma total ketone bodies levels in HD mice. Effects of AMI treatment on
levels of leptin (H), peptide YY (PYY, /), pancreatic polypeptide (PP, J), and gastrointestinal inhibitory peptide (GIP, K) in HD mice. L, AMI-mediated effects on
fasting glucose in WT mice. M, AMI-mediated effects on fasting insulin in WT mice. N, AMI-mediated effects on the plasma triglyceride levels in WT mice. O,

AMI-mediated effects on the plasma total ketone bodies levels in WT mice.

Effects of AMI treatment on levels of leptin (P), peptide YY (PYY, Q), pancreatic

polypeptide (PP, R), and gastrointestinal inhibitory peptide (GIP, S) in WT mice. Data are means *+ S.E. *, p = 0.05, n = 12/group.

tex, 355; hippocampus, 228; striatum, 169), 49 of these tran-
scripts were common to at least two out of three tissues (Fig.
4A). Of these 49, we found that AMI coherently controlled the
polarity of expression regulation of 31 of these transcripts in at
least two tissues independently (Fig. 4B). Two of these tran-
scripts, Riok1 and Rps3a, were significantly and coherently reg-
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ulated in all three tissues involved. Using all the significantly
regulated transcripts from each tissue, we performed paramet-
ric gene set enrichment analysis (PAGE: Broad Institute Molec-
ular Signatures Database (MSigDB)) to identify potential com-
plex signaling activities entrained by these transcriptomic
effects in the three tissues (cortex, supplemental Table S4; hip-
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FIGURE 2. Comprehensive metabolic evaluations of AMI treatment. Whole-body metabolic status was assessed in AMI-treated HD mice evaluated using a
CLAMS system across a variety of outputs (vehicle-treated, black line; AMI-treated, gray line), including oxygen consumption (VO,) (A), carbon dioxide produc-
tion (VCO,) (B), RER (C), accumulated food intake (D), accumulated water intake (E), ambulatory total x axis activity (F), sleep time during the dark cycle (G), sleep
time during the light cycles (H), and total sleep time during both light and dark cycles (/). Black line, vehicle-treated HD mice; gray line, AMI-treated HD mice. The
same CLAMS system parameter assessment panel (J-R) was also performed in WT mice, both vehicle-treated (black line) and AMI-treated (gray line). Parameters
in all panels were measured over a 24-h period. The dark cycle time is indicated by the black section of the pictogram bar in each CLAMS activity, A-F and J-O.
Data are means = S.E. ¥, p = 0.05, n = 4/group.

pocampus, supplemental Table S5; and striatum, supplemental
Table S6). Using VennPlex, we were able to identify the pres-
ence of multiple signaling pathway collections that were coher-
ently regulated by AMI across at least two different tissues.
Coherent regulation polarity was only observed for signaling
collections across two out of three tissues (Fig. 4C); however,
consistent effects of AMI were seen for 28 PAGE MSigDB col-

lections in at least two tissues (Fig. 4D). Considering the impor-
tance of metabolic regulation in HD, it was interesting to note
that pathways influencing energy management were promi-
nently featured and up-regulated by AMI, e.g. GLYCOLYSIS,
PYRUVATE_METABOLISM and NICOTINATE_AND_
NICOTINAMIDE_METABOLISM (Fig. 4D). In addition to
PAGE MSigDB analysis, we applied our novel bioinformatics
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platform, Textrous!, to the set of transcripts reliably controlled
by AMI across multiple brain regions (Fig. 4B). Using the col-
lective processing function in Textrous! (creating a hierarchical

word cloud), we found that this transcript subset was strongly
associated with transglutaminase activity (Fig. 4E), a function
that is currently appreciated as one of the most encouraging
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FIGURE 4. Multitissue transcriptomic analysis of the AMI-induced functional signature. A, VennPlex analysis of AMI-regulated transcripts across the cortex,
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new avenues for neurodegenerative therapeutic research (43). rodegeneration, e.g DNA binding, oxidation, respiration,
It is interesting to note that we found that AMI significantly = aggregations, and breakpoints.

attenuated the expression of transglutaminase 2 in the hip- Although AMI appears to facilitate a therapeutic action, with
pocampus and the striatum. Using the Textrous! individual respect to clearance of HTT immunoreactivity in multiple
processing mode (Fig. 4F), we again found that multiple tran-  brain regions, especially in striatum and cortex, it appeared not
scripts regulated by AMI were individually associated with to significantly affect the resting blood glucose in these mice,
functions related to stress resistance, energy balance, and neu-  which is at a highly diabetic level. Therefore, we next investi-

FIGURE 3. AMI-induced alterations of mHTT protein expression, neuronal marker-MAP2, and NeuN-positive cell numbers in mouse brain. A-C, immu-
nostaining (X 10X) of mutant Huntingtin protein in both vehicle-treated (Control, Con) and AMI-treated HD mice (A, cortex; B, hippocampus; , striatum). The
associated histograms for A-C indicate the reductions in mHTT immunopositive areas mediated by AMI. Data from three animals of each group are expressed
as means + S.E. *, p < 0.05; **, p < 0.01. D-F, Western blot verifications of mHTT changes in cortex, hippocampus, and striatum. G-/, fluorescence immuno-
staining of mHTT (red), MAP2 (green), and nuclei (DAPI) in the cortex (Ctx, G), hippocampus (Hip, H), and striatum (Str, I) from control (Con, vehicle-treated) or
AMI-treated mice. G-/are at X 10 magnification: scale bar, 50 um.J and K, stereological analysis of cortical and striatal NeuN-positive cells. Data from five animals
of each group are expressed as means * S.E. *, p < 0.05; **, p < 0.01; ***, p < 0.01.
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FIGURE 5. AMI-mediated alterations in striatal proteins involved in stress response and energy management. A, AMI-mediated alteration in the expres-
sion levels of striatal proteins associated with mutant huntingtin, mitochondrial functions, and stress responses measured using Western blot in HD mice as
follows: B, wild-type HTT (wt HTT), C, HSP70; D, HSP9O0; E, PGC-1¢; F, UCP2; G, VDAG; H, complex IV. |, AMI-mediated alteration in expression levels of striatal
proteins associated with mutant huntingtin, mitochondrial functions, and stress responses measured using Western blot in WT mice as follows: J, wild-type HTT
(wt HTT); K, HSP70; L, HSP90; M, PGC-1¢; N, UCP2; O, VDAG; P, complex IV. Data from three animals of each group are expressed as means = S.E. *, p = 0.05; *¥,
p = 0.01; ***,p = 0.001. (Control treatment, Con or WT; AMI treatment, AMI or WT-AMI.)

gated whether a phenotypic expression of a therapeutic action
could be demonstrated in one of the most classical facets of HD,
i.e. the disruption of motor coordination.

AMI-mediated Alteration of Striatal Function and Activity—
Fine motor coordination is mainly controlled through the stria-
tum. In addition, it is thought that the striatum is also one of the
centers of major metabolic disruption in HD (44). We therefore
assessed, at the protein level, the effects of AMI treatment on
this pivotal brain region. In HD mice, there was an AMI-in-
duced nonsignificant increase in the levels of wild-type HTT
(Fig. 5, A and B). AMI did not appear to exert any strong effect

2736 JOURNAL OF BIOLOGICAL CHEMISTRY

on HSP70/90 expression (Fig. 5, A, C, and D) but did signifi-
cantly elevate striatal proteins linked to mitochondrial meta-
bolic regulation, i.e. PGC-1« (Fig. 5, A and E), UCP2 (Fig. 5, A
and F), VDAC (Fig. 5, A and G), and complex IV (Fig. 5, A and
H). In WT mice, AMI treatment did not significantly alter the
striatal expression levels of the above-mentioned proteins (Fig.
5, I-P).

We also assessed the effect of AMI treatment on the neu-
rosynaptic functionality of the striatum in both HD and WT
mice (Figs. 6 and 7). In HD mice, consistent with our previous
demonstration of the potent neurotrophic activity of AMI, we
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FIGURE 6. AMI regulates expression of neurotrophic proteins and improves motor function of HD mice. A, AMI-mediated alteration in expression levels
of striatal proteins associated with BDNF-induced neurotrophic activity and synaptic structure measured using Western blot. B, pro-BDNF. C, mature BDNF. D,
TrkB receptor activity, i.e. ratio of phosphorylated (p)-TrkB/TrkB; E, CREB activity, i.e. ratio of p-CREB/CREB in striatum; F, ERK activity, i.e. ratio of p-ERK/ERK; G,
AKT activity, i.e. ratio of p-AKT/AKT; H, GSK3 B activity, i.e. ratio of p-GSK33/GSK3p; /, ratio of p-DARPP32/DARPP32; J, DCX; K, synaptophysin (SYP); L, PSD95. Data
from three animals of each group are expressed as means = S.E. ¥, p = 0.05; **, p = 0.01; ***, p < 0.001. (Control treatment, Con; AMI treatment, AMI). M, rotarod
performance change curves throughout 6-week AMI treatment (vehicle-treated, black line; AMI-treated, gray line). N, mean latency time to reach the goal box
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found that AMI treatment significantly increased striatal the pro-form of BDNF (pro-BDNF: Fig. 6, A and B) was not
mature BDNF levels (Fig. 6, A and C), TrkB activity (Fig. 6, A altered by AMI treatment. Striatal levels of phosphorylated
and D), and phospho-CREB levels (Fig. 6, A and E). However, ERK1/2 (Fig.6, A and F), AKT (Fig. 6, A and G), and GSK38 (Fig.
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6, A and H) were unaffected by AMI treatment. Although the
levels of DARPP32 were unaffected by AMI treatment, we
found AMI induced a significant increase in the levels of phos-
phorylated DARPP32, which resulted in a profound increase in
the ratio of phospho-DARPP32/DARPP32 (Fig. 6, A and ). It
suggests that without affecting the expression of DARPP32
(Fig. 6), AMI potentiated the dopamine signaling pathway by
increasing the activation of DARPP32 (45, 46). We also found
that the marker of de novo neuron synthesis, doublecortin
(DCX), was significantly elevated by AMI (Fig. 6, A and J). It has
recently been demonstrated that the striatum is an important
region of potential neurogenesis (47). AMI therefore may facil-
itate the generation of new neurons to maintain striatal net-
work connectivity. AMI was also found to selectively potentiate
the expression of presynaptic and synaptophysin (Fig. 6, A and
K) but not postsynaptic markers (PSD95, Fig. 6, A and L).
Therefore, AMI appeared to generate a eumetabolic, neuropro-
tective, and pro-neurotrophic spectrum of actions in the
murine HD striatum. To assess how these molecular actions
converged on the physiological and behavioral activity of the
striatum, we investigated the motor functions of the AMI-
treated HD mice. Using the Rotarod performance test, we
found that AMI treatment significantly improved the motor
coordination of the mice over the course of the study (Fig. 6M).
In addition to improved Rotarod performance, the AMI-
treated mice demonstrated an improved completion time in a
linear beam test (Fig. 6N) with significantly fewer foot slip
events (Fig. 60). Therefore, in two separate coordination tests,
AMI significantly improved the fine motor control of the HD
mice.

To determine whether the AMI-induced changes in HD
mice are a “true” rescue or a generalized effect, we performed
similar analysis of striatal proteins and motor activity in WT
animals (Fig. 7). Compared with vehicle-treated W'T mice, WT-
AMI mice displayed a significant induction only in the ratio of
phospho-GSK3B/GSK3p (Fig. 7, A and H). With respect to
other above-mentioned striatal proteins, AMI-treated WT
mice shared similar expression levels with WT controls (Fig. 7,
A-L). In the Rotarod behavioral test, AMI-treated WT mice
showed comparable motor function with WT mice, except for a
temporary nonsignificant trend of increase in latency at week 2
(Fig. 7M). However, in the mouse beam test, no significant dif-
ference was observed between two groups (Fig. 7, N and O).

DISCUSSION

Huntington disease is a progressive and ultimately fatal
neurodegenerative disorder, which currently has no clini-
cally proven therapy to either delay its onset or slow its pro-
gression (18). In this study, we evaluated the actions of AMI,
a classic tricyclic antidepressant compound currently Food
and Drug Administration-approved, on HD-related symp-
toms and pathologies in the N171-82Q mouse, a well char-
acterized mouse model of HD.

In previous studies using a mouse model of Alzheimer dis-
ease, AMI has been shown to elevate BDNF levels (48, 49) and
activate the TrkB-mediated neurotrophic signaling pathway
(27), resulting in substantial improvements in neurological
functions and behavioral performance. Our preliminary in vitro
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results also demonstrated thatin SH-SY5Y cell model, the short
term (within 3 h) AMI (500 nMm) treatment could increase acti-
vations of TrkB and GSK3B in a time-dependent manner,
which was reflected by the ratios of phospho-TrkB/TrkB and
phospho-GSK3B/GSK3 (data not shown). In accordance with
our results, similar small molecule pro-neurotrophics are also
being developed for HD. For example, a recent study has
reported that small molecule TrkB agonist 7,8-dihydroxyfla-
vone and its synthetic derivative protect neurons, improve
motor functions, and extend survival in the N171-82Q HD
mouse model (50).

It is plausible that AMI may demonstrate similar beneficial
effects upon other neurodegenerative disorders, as well as HD,
given that most neurodegenerative disorders share similar
common mechanisms such as impairments in the BDNF-TrkB
signaling pathway. Indeed, in this study, we found that AMI
treatment could attenuate cytotoxic mutant HTT accumula-
tion, potentiate eumetabolic activity, and significantly improve
the motor coordination of the HD mice, without any significant
effects upon the life span of HD mice.

Currently, as multiple lines of evidence have demonstrated
widespread pathophysiologies in peripheral systems of both
HD patients and animal models (51), it is clear that HD is more
than a purely neurological motor disorder (52, 53). Thus, in this
study, we also evaluated potential effects of AMI on the general
metabolic phenotype by measuring circulating metabolic hor-
mones, lipid factors, and overall metabolic status. However, in
terms of correcting metabolic dysfunctions, AMI displayed
limited potency, which could be partly attributed to the lack of
efficacy with regard to offsetting the weight loss (54) and hyper-
glycemia (55) commonly occurring in HD mice. However, some
interesting findings were still obtained from AMI-treated HD
mice in regard to metabolic functions, including reductions in
plasma insulin and triglycerides levels (Fig. 1). Without affect-
ing circulating glucose levels, a pronounced reduction of insu-
lin might suggest that AMI could most likely affect the metab-
olism of insulin per se, instead of insulin sensitivity. Meanwhile,
the mild elevations of total ketone bodies in the AMI-treated
HD mice suggest a potential energy source shift from carbohy-
drate-based to lipid-based, which is consistent with the modest
reductions in RER that we observed (Fig. 2). In general, com-
pared with WT mice, HD mice also demonstrated a slightly
disturbed circadian rhythm pattern (Fig. 2). Additionally, it
seems that decreasing plasma triglycerides is the general action
of AMI, because the reductions of triglycerides were observed
in both HD-AMI and WT-AMI mice.

In HD, expanded poly(CAG) HTT leads to the production of
huntingtin protein with an equally expanded poly(Q) stretch
near the amino terminus. Despite a lack of consensus on the
function of wild-type huntingtin (wtHTT), it is known that
mutant poly(Q) huntingtin (mHTT) exerts a gain of toxic func-
tion through aberrant protein-protein interactions in human
tissues, cell models, and animal models of HD (4). A number of
studies have demonstrated that soluble mHTT fragments may
also be engaged in the pathological processes of HD (56). We
found AMI could effectively reduce mHTT expression in vari-
ous brain regions, especially in the striatum and cortex. Intrigu-
ingly, instead of affecting aggregated mHTT, AMI treatment
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mainly caused a significant decrease of soluble mutant hunting-
tin fragments. This is consistent with the posit that specific
neuronal vulnerability in HD may be dependent on the levels of
diffuse, nonaggregated huntingtin protein found in affected
neurons and provide an explanation for the pattern of striatal
neuron loss (6, 7).

As a well known neurotrophic factor, BDNF plays a pivotal
role in maintaining proper neuronal function (57). Reduced
BDNF levels and impaired neurotrophic signaling pathway
functioning is found in both HD patients and animal models of
HD (10, 58). In the R6/1 HD mouse model, BDNF transgene
expression relieved motor impairments and striatal neuropa-
thology associated with HD (12); hence, enhancement of BDNF
expression and its related neurotrophic signaling pathway is
regarded as an important therapeutic strategy for HD. In this
study, we found AMI treatment could locally elevate BDNF
expression via activation of CREB in the striatum. In line with
the profound up-regulation of BDNF, neurogenesis was also
potentially enhanced by AMI, as indicated by a substantial
increase of DCX expression in the striatum of AMI-treated HD
mice. DCX is regarded as the cell marker for immature neuro-
nal cells. Cho et al. (59) have demonstrated that overexpression
of BDNF could induce neostriatal neurogenesis, which effec-
tively slowed the disease progression in a transgenic HD murine
model. Our previous study has demonstrated that AMI could
profoundly induce neurogenesis in aged triple transgenic
Alzheimer disease mice, which was associated with cognitive
improvement (27). In this study, we mainly focused on the
AMI-induced motor activity changes in HD mice, which is
closely associated with pathological improvement in striatum.
The cognitive effects of AMI in HD will be pursued in a follow-
ing study.

Multiple lines of evidence have shown a strong relationship
between BDNF-TrkB signaling and motor behaviors. Mutant
mice with either forebrain-specific deletion of BDNF or TrkB
deletion in the striatal progenitor cells display hind limb and
fore limb clasping phenotypes, which have been observed in
transgenic models with motor dysfunction or degeneration,
including HD mouse models (60, 61). Most striatum functions
are mediated by the medium sized spiny neurons. Ablation of
the bdnf gene in the dopaminergic neurons also causes cell
deaths of medium sized spiny neurons and leads to poor per-
formance on the rotarod (62). Recently, Besusso et al. (63) also
demonstrated that BDNF-TrkB signaling in striatopallidal neu-
rons controls inhibition of locomotor behavior by modulating
neuronal activity in response to excitatory input through the
protein kinase C/MAPK pathway. Importantly, enhancing
BDNF and TrkB in the striatum significantly improved motor
coordination (12, 64) in HD animals. Our findings are highly
consistent with the above-mentioned reports. Supporting the
improvements of motor coordination in AMI-treated HD mice
(Fig. 6), we showed the significant increases of striatal BDNF
levels (Fig. 5) and activation of TrkB (Fig. 5), which is reflected
by the ratio of p-TrkB/TrkB. The further mechanisms of the
relationship have also been investigated in depth. The striatum
is the largest component of the basal ganglia and is responsible
for movement control. Li et al. (65) showed that ablation of
either BDNF or TrkB in the striatum alone results in increased
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striatal neuron loss, reduced dendritic spines and enkephalin
expression, diminished nigral dopaminergic projections,
and severe deficits in striatal dopamine signaling through
DARPP32. Plotkin et al. (66) reported that in the mouse model
with early symptomatic HD the movement suppression in stri-
atal neurons is caused by the failure of BDNF-TrkB engage-
ments in postsynaptic signaling, which controls the induction
of potentiation at corticostriatal synapses. In this study, in line
with the improvement of BDNF-TrkB signaling, we also found
the neuroprotective actions of AMI in both striatum and cortex
(Fig. 3), by using the stereological analysis on NeuN-positive
cells. Additionally, we demonstrated AMI treatment resulted in
the enhancement of the DARPP32 signaling, reflected by an
increase of p-DARPPR32/DARPP32 and potential synaptic
functionality ameliorations, which is indicated by an increase of
synaptic marker synaptophysin (Fig. 6).

Mitochondrial dysfunction is strongly implicated in the
pathogenesis of multiple neurodegenerative disorders (67). In
HD, the link to mitochondrial dysfunction has stemmed from
post-mortem brain data (68) and animal models generated with
mitochondrial toxins (69). Hence, preventing mitochondrial
content loss and preserving intact mitochondrial function are
also regarded as potentially effective strategies for HD treat-
ment (70). With AMI treatment, we identified remedial effects
for mitochondrial dysfunction in the striatum of HD mice,
reflected by the increase in the expression of mitochondrial
markers (VDAC and complex IV) and up-regulation of mito-
chondrial functionality indicators (PGC-1a and UCP2). VDAC
mediates the high ionic permeability of the mitochondrial outer
membrane (71). The electron transport complexes (I, IL, III, and
IV) and the Krebs cycle (tricarboxylic acid) are the mitochon-
drial metabolic pathways that are essential for generating the
proton gradient across the inner membrane of the mitochon-
dria that is used to produce ATP. Cytochrome c oxidase (com-
plex IV) is an intracellular measure of oxidative energy meta-
bolic capacity and respiration (72). Complex IV activity is
decreased in the mitochondria from both HD patients (14) and
HD mice (73). Both VDAC and complex IV are regarded as
classic mitochondrial markers, suggesting that AMI treatment
has provided considerable mitochondrial support in these
mice. PGC-1a plays a critical role in regulating mitochondrial
biogenesis and functionality (74), whereas UCP2 is known for
its role in maintaining the mitochondrial membrane potential
and preventing insults from free radicals (75). Further evidence
has shown that UCP2 is capable of eliciting neuroprotective
effects in neurodegenerative diseases (76) and traumatic central
nervous system events such as stroke (77). The elevated striatal
expression of PGC-1a and UCP2 could therefore be a signifi-
cant component of multidimensional therapeutic efficacy of
AMIL

Although we cannot exclude the involvements of other
mechanisms, in our study it is highly plausible that reducing
mHTT aggregates, enhancing BDNF-TrkB signaling, and ame-
liorating mitochondrial functions mainly contribute to the ben-
eficial effects of AMI in the striatum, which led to improvement
of motor behavior performance in HD mice.

To comprehensively appreciate the effects of AMI on HD
pathophysiology, the transcriptomic signature of AMI was
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assessed in multiple regions of the mouse brain. Investigating
the transcriptional response to AMI in multiple tissues allowed
us to identify the core series of factors that could include the
functional signature of AMI. We found a core series of tran-
scripts that were coherently regulated across the cortex, hip-
pocampus, and striatum (Fig. 4). Both Riok1 and Rps3a were
both significantly altered by AMI in all three studied tissues.
AMI treatment up-regulated Riokl in all tissues studied, and
pertinent to the remedial activities of AMI, it has been recently
demonstrated that this kinase is a critical controller of AKT-
mediated cell survival (78). The consistent AMI-mediated
reduction of Rps3a may also indicate that this is linked to
potential cell protection mechanisms (79) and anti-inflamma-
tory behavior (80). In addition to these highly conserved AMI-
response transcripts, many other factors consistently con-
trolled across the brain are strongly implicated in potentially
neuroprotective functions. For example, Tppp (tubulin poly-
merization-promoting protein) and Acsl5 (acyl-CoA synthe-
taselong-chainfamilymember5)andSdc(succinatedehydroge-
nase complex, subunit C, integral membrane protein, 15 kDa)
are strongly implicated in mitochondrial function and meta-
bolic support (81-83). AMI also consistently up-regulated the
expression of factors associated with neuronal development
(Sparc, secreted protein, acidic, cysteine-rich (osteonectin))
(84), neuronal Akt-mediated protection (Nyap1, neuronal tyro-
sine-phosphorylated phosphoinositide-3-kinase adaptor 1),
and attenuation of neurodegenerative cross-linking (7gm2,
transglutaminase 2) (43, 85). With our use of PAGE MSigDB
bioinformatics analysis (Fig. 4, C and D), we also found that
AMI strongly supports glycolytic pathways whose inhibition
has been associated with HD disease progression (86). Interest-
ingly, some of the most down-regulated PAGE MSigDB path-
ways were associated with the maintenance of stem cell prop-
erties, .e. STEMCELL_NEURAL_UP (Fig. 4D). The population
of this PAGE pathway with transcripts, reduced in their expres-
sion with AMI, corroborates our finding of increased DCX lev-
els, suggesting a pro-neurogenetic activity of AMI in HD.

In summary, AMI appears to possess some promising thera-
peutic potential for the treatment of HD, both in terms of symp-
tom management and pathology correction, in the murine
N171-82Q Huntington disease model. Further mechanistic
studies demonstrated that AMI is capable of eliciting beneficial
effects in regard to multiple aspects of HD neuropathology,
including relieving mutant HTT burdens in the cortex and
striatum, protecting crucial proteins related to mitochondrial
number and functionality in the striatum, and elevating BDNF
levels and TrkB-mediated transcriptional regulation and pro-
survival pathways. It is interesting, however, that AMI potently
attenuated the motor deficits observed in HD but was relatively
poor in lowering the pro-diabetic blood glucose levels observed
in our mice. However, we did find that AMI was able to atten-
uate the excessive plasma levels of insulin, suggesting that it still
does generate some anti-diabetic activity in this model. There-
fore, a combination of an additional anti-diabetic agent such as
exendin-4 (87) with AMI may prove to be even more efficacious
in treating HD. Our study not only provides preclinical evi-
dence for the therapeutic potential of AMI in treating HD, it
also offers an example of a new drug development strategy
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focused on studying previously approved drugs in novel disease
contexts.
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