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Abstract

Huntington’s disease (HD) is a disorder characterized by chronic involuntary movements, dementia, and psychiatric symp-
toms. It is caused by a mutation in the gene that encodes for huntingtin protein (HTT), leading to the formation of mutant
proteins expressed in various tissues. Although brain pathology has become the hallmark for HD, recent studies suggest that
damage of peripheral structures also contributes to HD progression. We previously identified severe alterations in the
motor units that innervate cervical muscles in 12-month-old BACHD (Bacterial Artificial Chromosome Huntington’s
Disease) mice, a well-established mouse model for HD. Here, we studied lumbar motoneurons and their projections
onto hind limb fast-twitch skeletal muscles (tibialis anterior), which control balance and gait in HD patients. We found
that lumbar motoneurons were altered in the HD mouse model; the number and size of lumbar motoneurons were reduced
in BACHD. Structural alterations were also present in the sciatic nerve and neuromuscular junctions. Acetylcholine recep-
tors were organized in several small patches (acetylcholine receptor fragmentation), many of which were partially inner-
vated. In BACHD mice, we observed atrophy of tibialis anterior muscles, decreased expression of glycolytic fast Type IIB
fibers, and at the ultrastructural level, alterations of sarcomeres and mitochondria. Corroborating all these findings, BACHD
animals performed worse on motor behavior tests. Our results provide additional evidences that nerve—-muscle commu-
nication is impaired in HD and that motoneurons from distinct spinal cord locations are similarly affected in the disease.
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expansion in the number of CAG repeats in the hunting-
tin (HTT) protein (MacDonald et al., 1993). Historically,
HD has been studied in the central nervous system
(CNS), mainly in neurons from the basal ganglia and
cerebral cortex (Reiner et al., 1988; Novak and Tabrizi,
2010; Reinius et al., 2015).

The discovery of HTT gene mutation opened a new
scenario for scientific research enabling the generation of
numerous animal models for the disease (L. B. Menalled
and Chesselet, 2002; Heng et al., 2008; L. Menalled et al.,
2009; Yang and Gray, 2011). Experiments performed in
these animal models allowed the identification of mutant
huntingtin protein (mHTT) not only in the CNS but also
in peripheral structures, such as skeletal muscles (van der
Burg et al., 2009; Ziclonka et al., 2014; Mielcarek et al.,
2017). In fact, mouse HD models exhibited pronounced
skeletal muscle atrophy, a pathophysiological finding
that could be due to accumulation of mHTT in skeletal
muscles, motoneurons, or both (Khedraki et al., 2017).
This prompted the question of whether a primary defect
in the neuromuscular system contributes to the motor
deterioration observed in patients with HD, independent-
ly of the striatal degeneration (van der Burg et al., 2009).
Consistent with this hypothesis, Ribchester et al. (2004),
using the R6/2 mouse model, identified physiological and
morphological alterations on neuromuscular junctions
(NMlJs), a result that suggested a progressive disruption
of the communication between motoneurons and skeletal
muscles. However, it is important to note that these
authors did not investigate whether there is denervation
in the NMJs of R6/2 mice.

Recently, using a different mouse model for HD
(BACHD), which expresses the full-length human
mHTT in a Bacterial Artificial Chromosome vector, we
reported alterations in cervical motor units (MUs), such
as the reduction in the number and size of motoneurons,
axonal degeneration, and fragmentation of NMIJs.
Furthermore, marked muscle atrophy and fiber-type
switching were observed in BACHD-sternomastoid
(STM) muscles (Valadao et al., 2017). In addition, we
also described abnormal NMJs in the diaphragm of
BACHD mice (Valadao et al., 2018). Nonetheless, the
hypothesis that HD may have a more direct connection
with progressive disruption of communication between
motoneurons and skeletal muscles remains poorly
explored.

Following the trail initiated in our previous studies, we
investigated whether mHTT-mediated alterations were
restricted to cervical motoneurons or spread over other
spinal cord segments like the lumbar segment. This com-
parison has clinical importance, because in amyotrophic
lateral sclerosis, which is a disease that affects the moto-
neurons, there are evidences that upper and lower motor
neurons are differently affected during the course of the
disease (Eisen et al., 1992; Fischer et al., 2004, reviewed

by Van den Bos et al., 2019). Thus, studying two different
segments of the spinal cord in the BACHD animal
model, which shows clear loss of motoneurons, is an
important study in the sense of identifying possible dif-
ferences in these two regions (cervical and lumbar seg-
ments) in this HD model. To this end, we chose to look at
the lumbar spinal cord segment and the MU of the lower
hind limb muscle tibialis anterior (TA). This muscle con-
trols movement and balance that are severely impaired in
HD such as decreased walking speed, difficulties in start-
ing the steps, and variable pattern of step. In addition,
motor neurons of the Iumbar spinal cord segment and
TA muscle are also involved in gait, which is considered
to be one of the main factors of disability in patients with
HD (Piira et al., 2013). It is noteworthy that, with the
progression of the disease, the mobility is affected,
increasing the risk of falls and directly impacting the
functionality of the patients who end up needing constant
help in their daily living activities (Koller and Trimble,
1985; Thaut et al., 1999; Wheelock et al., 2003; Bilney
et al., 2005; Carroll et al., 2015; T. M. Cruickshank et al.,
2015).

In this way, this study adds to our previous work,
because the focus now is to examine another segment
of the spinal cord, with motoneurons that are involved
in the innervation of muscle groups with function (TA is
dorsiflexion and inversion of the foot) and composition
(predominantly a fast contraction muscle) different from
the STM muscle previously studied by us.

Materials and Methods
BACHD Mice

All experiments were performed according to the rules
established by the local animal care committee (Ethics
Committee on Animal Experiments of the Universidade
Federal de Minas Gerais (UFMG)); approved protocol
#036/2013. All efforts were made to minimize animal
suffering and to reduce the number of animals used.
This study was not preregistered.

The FVB/NJ (wild type [WT]) and FVB/N-Tg
(HTT*97Q)IXwy/J (BACHD) transgenic mice (male)
were purchased from Jackson Laboratory (Barl
Harbor, ME, USA; JAX stock #008197) and used to
establish a new colony. Mice were held in a place with
controlled temperature (23°C) in a 12—12 hr light-dark
cycle. Food and water were provided ad [libitum in an
animal care facility of the Department of Physiology
and Biophysics, UFMG. All animals used in this study
were genotyped 10 days after birth using multiplex poly-
merase chain reaction (PCR; HTT-forward: CCGCTCA
GGTTCTGCTTTTA/HTT-reverse: GGTCGGTGCAG
CGGCTCCTC; actin-forward: TGGAATCGTGTGGC
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ATCCATCA /actin-reverse: AATGCCTGGGTACATG
GGGTA).

The BACHD mouse model, unlike the R6/2 model,
expresses the total length of human mHTT inserted
into the Bacterial Artificial Chromosome (Gray et al.,
2018). Compared with the R6/2 model, BACHD has an
expressive vantage, because in addition to presenting
behavioral and pathological characteristics of the disease,
it also has the polyglutamine sequence CAA/CAG in a
more stable form, thus the length of the CAA/CAG
repeat in BACHD mice is stable in 97 replicates over
several generations (Yang et al., 1997). In this way, this
model is reliability for the study of long-term phenotypic
characteristics as we did in 12-month-old animals (Yang
et al., 1997; Kazantsev et al., 1999). In addition to these
characteristics, this model has a normal life span with
slow disease progression, allowing more detailed longitu-
dinal studies when compared with other rapid progres-
sion models, such as R6/2, for example (Yang and Gray,
2011).

Animals were identified by numbers according to their
genotype (WT or BACHD). They were separated into
mini-isolator cages with a maximum of four animals
per cage. In this study, we used WT and BACHD
mice (weight average for WT =27.55 g and BACHD =
41.06 g). Using a table of random numbers, animals were
randomly divided into two groups. Our experiments were
performed on 12-month-old WT and BACHD animals,
as previous studies using this model demonstrated pro-
nounced neurodegeneration in the cerebral cortex and
deficits in motor behavior in mice of this age (Gray
et al., 2008; for review, see Yang and Gray, 2011).
Also, this age corresponds to middle age in humans,
when it is supposed to appear HD symptoms. In addi-
tion, previous work from our research group have shown
that 12-month-old BACHD mice present alterations in
cardiac cells and other muscles such as STM and dia-
phragm (Valadao et al.,, 2017, 2018; Joviano-Santos
et al., 2019).

For all experiments involving morphology and immu-
nofluorescence techniques, mice from both genotypes
(WT and BACHD) were deeply anesthetized with keta-
mine/xylazine (0.1 mL/20 g) in accordance with the
Ethics Committee on Animal Experiments of the
UFMG protocol. All surgical procedures were described
in the appropriated sections. The experimental proce-
dures were performed in the afternoon and, by the end
of each surgical procedure, the animals were euthanized
by an overdose of anesthetics.

The experimental procedures were performed in the
Departments of Morphology and Pharmacology at the
UFMG. The experimental groups remained constant
from the beginning to the end of the study, and the
exact numbers for all experiments are provided in the
figure captions/“Results” section.

Lumbar Spinal Cord Immunofluorescence

All immunofluorescence experiments were performed
according to the protocol described by Valadao et al.
(2017). For the identification of alpha-motoneurons,
lumbar spinal cords slices were stained with choline ace-
tyltransferase (ChAT) antibody (1:100, Cat #AB1582
RRID: AB_11211009) and with osteopontin (OPN;
1:100, R&D Systems Cat #MABI14331 RRID:
AB_2194980). Lumbar spinal cords (LI-L5 segments)
were removed and fixed with 4% paraformaldehyde
(PFA) for 48 hr. Next, the spinal cord segments were
kept in 30% sucrose for 24 hr. Samples were then
frozen in isopentane (Sigma-Aldrich), cooled with
liquid nitrogen, and stored at —80°C. The Ilumbar
spinal cords cross-sections (30 um) were cut on a cryostat
(Leica CM3050S) and collected on gelatin-coated slides.
The sections were blocked (60 min, room temperature
[RT]) in solution containing 3% bovine serum albumin
(BSA), 5% donkey serum, and 0.1% Triton X-100.
Samples were then incubated overnight at 4°C with the
following primary antibodies diluted in 3% BSA, 5%
donkey serum, 5% goat serum: goat anti-ChAT and
mouse anti-OPN. Slides were washed 3 times with
phosphate-buffered saline (PBS) 1x, and incubated for
2 hr at RT with the secondary antibodies Alexa 488
donkey antigoat IgGl for anti-CHAT (1:800,
Molecular Probes Cat.#A-11055 RRID: AB_142672)
and Alexa 488 goat antimouse for anti-OPN (1: 1,000;
Thermo Fisher Scientific Cat. #A-21042 RRID:
AB_2535711). Samples were washed 3 times with PBS
I1x and mounted using ProLong® Gold antifade
(Thermo Scientific Invitrogen™). Images were acquired
using a 63x oil immersion (numerical aperture [NA] 1.4)
objective attached to a laser-scanning confocal micro-
scope (Zeiss LSM 510 Meta; Zeiss GmbH, Jena,
Germany). An Argon (488 nm) laser was used for exci-
tation of lumbar spinal cord slides marked with anti-
ChAT and anti-OPN. The Z series of optical sections
were collected at 2.0 pm intervals. All digital images
were quantitatively analyzed using Image J software
(Wayne Rasband, National Institutes of Health [NIH],
USA).

Caspase-3 staining in BACHD mice spinal cords
lumbar segments (L1-L5) was performed by immersing
the spinal cord in neutral-buffered formalin for 24 hr.
The samples were then dehydrated in ethanol (70%,
80%, 90%, 95%, and 100%), cleared in xylene, embed-
ded in paraffin, and cut (thin sections—35 pm) using a
microtome (model  HM335E; Microm, Inc.,
Minneapolis, MN, USA). Nonspecific blockade was per-
formed by incubation of the samples in a solution con-
taining 2% BSA, 0.1% Tween-20 for 1 hr in a moist
chamber. Samples were incubated with the primary anti-
body  (1:100  polyclonal rabbit anticaspase-3;
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Sigma-Aldrich, Saint Louis, MO, USA) diluted in block-
ing solution (overnight at 4°C in a moist chamber) and
then washed 3 times with PBS following incubation with
the secondary antibody (1:1,000, Alexa Fluor 488 goat
antirabbit; Invitrogen, Eugene, OR, USA) for 1 hr. To
allow nuclei identification, sections were washed 3 times
with PBS and stained with 4',6-diamidino-2-phenylindole
(1:1,000; Invitrogen). The stained sections were imaged
using a NIKON ECLIPSE Ti microscope (100x objec-
tive, NA: 1.49). All digital images were quantitatively
analyzed using Image J software (Wayne Rasband,
NIH, USA).

To perform the counting of motoneurons marked with
CHAT, OPN, and caspase-3, only those with evident
nuclei were measured. As the motoneurons are variable
and not perfect circles, we chose to use the Feret diameter
present in the Image J software (Feret diameter) to mea-
sure the diameter of these cells. This tool uses mathemat-
ical calculations to correct the diameter of figures that are
not totally spherical. In general, it can be defined as the
common base of a group of diameters derived from the
distance of two tangents to the particle contour in a well-
defined orientation (Yap et al., 2013).

NM] Immunofluorescence and Confocal Microscopy
Analysis

Six mice were anesthetized (three per genotype) as previ-
ously described with ketamine/xylazine (0.1 mL/20 g)
and transcardially perfused with ice-cold 4% PFA in
0.1M PBS (PBS; pH 7.4). The TA muscles were dissected,
blocked in 3% BSA + 5% goat serum + 0.5% Triton X-
100 for 30 min at RT, and stained with antisynaptotag-
min antibody (1:250, antisynaptotagmin, antimouse,
IgG2A, Developmental Studies Hybridoma Bank
[DSHB]; Cat #3H2 2D7 RRID: AB_528483) in the
blocking solution. The samples were then incubated over-
night at 4°C, washed 3 times with PBS, and incubated for
1 hr at RT with Alexa 555-a-bungarotoxin (o-btx;
1:1,000; Cat# TI1175 Molecular Probes; Invitrogen;
T1175 RRID: AB_2313931) together with secondary
antibody (1:1,000, Alexa-488 goat antimouse IgG2A;
Invitrogen; Cat #A-21141 also A21141 RRID:
AB_141626). The muscles were washed 3 times with
PBS and whole-mounted using Vectashield (Vector
Laboratories, Eching, Germany). Images of NMJs were
acquired using a 63x oil immersion (NA: 1.4) objective
attached to a laser-scanning confocal microscope (Zeiss
LSM 510 Meta; Zeiss GmbH, Jena, Germany). We used
an argon (488 nm) and helium—neon (He-Ne, 543 nm)
lasers to excite the samples. The Z series optical sections
were collected at 2.0 um intervals, and the whole TA
muscle samples were scanned. The nerve terminals were
identified considering their colocalization near the acetyl-
choline receptor (AChR) clusters. Images were converted

to a grayscale format (eight bits), and each synaptic ele-
ment was individually evaluated. The fragmentation
index of the NMJs was obtained using the particles anal-
ysis method described in Valadao et al. (2017). Briefly,
the images were converted into a binary image pattern
and were skeletonized. Next, to describe the connectivity
for each pixel in the image, a histogram was generated
using the BinaryConnectivityClass plugin from ImageJ
(Pratt et al., 2013). We analyzed the degree of fragmen-
tation in pre- and postsynaptic elements comparing the
muscle samples from WT and BACHD mice. The param-
eters adopted for fragmentation were defined according
to the evaluation criteria described by Valdez et al.
(2010), which establishes fragmentation by five or more
islands both in the presynaptic and postsynaptic mem-
branes. We analyzed 50 NMJs for each animal.

Gene Expression Analysis

The TA muscles of five WT and five BACHD mice were
frozen in nitrogen, macerated, and added to 1 mL of TRI
Reagent (Sigma) for total RNA extraction. Posteriorly,
1 ug of RNA was used, following manufacturer’s recom-
mendations, for cDNA synthesis using the M-MLV
Reverse Transcriptase Kit (Invitrogen). To check for
changes in muscle gene expression that are characteristic
of denervation, we studied the expression level of several
genes known to change during denervation.
Measurement of mRNA levels was performed by quan-
titative PCR containing 5 pL of iTAqQ'™ Universal
SYBR Green Supermix (Bio-Rad), 0.4 uM of each of
the primers, 1 pL cDNA diluted 1:10 in water and final
volume adjustment to 10 pL with nuclease-free water.
Reactions occurred at 50°C for 2 min, 95°C for 2 min,
and 40 cycles of 94°C for 15s, 60°C for 15 s, and 72°C for
20 s in the Rotor GeneTM 3000 machine. Target genes

(Table S1) tested in this work were as follows:
Cholinergic Receptor Nicotinic Alpha 1 Subunit
(Chrnal), Cholinergic Receptor Nicotinic Gamma

Subunit (Chrng), Growth Differentiation Factor 5
(Gdf5), and RUNX Family Transcription Factor 1
(Runxl). Gene expression was normalized to the geomet-
ric mean of the following selected reference genes: Actin-
Beta (ACTB) and Ribosomal Protein L39 (Rpl39).

Western Blot

To detect synaptotagmin protein in TA muscle nerve
endings, 50 mg protein were separated by SDS-PAGE.
The antibody used and its sources are follows: antisynap-
totagmin, antimouse, IgG2A, DSHB, 1: 2,000; Cat # 3H2
2D7 RRID: AB_528483. The validation data for each
antibody were obtained from the data sheet provided
by the company. For immunodetection, we use
improved chemiluminescence (Amersham Biosciences).
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Protein levels were expressed as a ratio of optical densi-
ties. Glyceraldehyde 3-phosphate dehydrogenase was
used as a protein loading control.

Morphology and Morphometric Analysis of Sciatic
Nerve and TA Muscle Fibers

The TA muscle was dissected-out and fixed in 4% glu-
taraldehyde diluted in PBS (0.2M) for 24 hr at RT. After
dehydration in an ascending series of alcohols (70%,
80%, 90%, 95% 2x), samples were embedded in glyco-
Imethacrylate resin (Leica) and sectioned (5 um) in a
microtome (Reichert Jung). Sections from the TA
muscle were stained with toluidine blue Electron
Microscopy Sciences(EMS), and the cross-sectional
area (CSA) of individual myofibers imaged using a light
microscope (10x oil objective-Leica DM2500) coupled to
a charge-coupled device (CCD) camera (Leica
DFC345FX).

Samples containing the sciatic nerve were histological-
ly analyzed. Semi-thin cross-sections (300 nm) were
obtained and stained with toluidine blue. Images of
whole sciatic nerve cross-sections from WT and
BACHD mice were captured using a 20x objective in a
ZEISS Axio Lab.A1 microscope. The total CSA of the
nerve was measured using ImageJ plugins (NIH), and the
total number of axons was counted. Like the motoneur-
ons, the axons are not perfect circles and we also used the
Feret diameter (described earlier) for the calculation of
the total diameter (axon diameter). To quantify axonal
myelination, we used the G ratio, which was calculated
measuring the axonal inner diameter and dividing it by
the outer diameter following the formula: G =d/D, where
G is the G ratio, d is the inner diameter, and D is the outer
diameter (Chau et al., 2000).

TA Muscle Fiber Typing

TA muscle fiber typing was performed according to the
protocol described by Valdez et al. (2012). TA samples
were put in freezing molds covered with optimum cutting
temperature freezing medium (Easy Path), and fresh
frozen in isopentane (Sigma-Aldrich) cooled with liquid
nitrogen and stored at —80°C. The mid-belly region of
the TA muscle was cut on a cryostat (Leica CM30508),
and the cross-sections (10 pm) collected on gelatin-coated
slides. Slides containing muscle sections were then
blocked for 30 min at RT with 3% BSA (Sigma-
Aldrich), 5% goat serum (Sigma-Aldrich), and 0.1%
Triton X-100 (Sigma-Aldrich) diluted in PBS 1x.
Muscle sections were incubated overnight at 4°C with
the following primary antibodies: Type 1 (1:250, Leica
Microsystems Cat# NCL-MHCs RRID: AB_563898),
Type 2A (1:100, DSHB Cat# SC-71 RRID:
AB_2147165), Type 2X (1:100, DSHB Cat# BF-35

RRID:AB_2274680, which recognizes all types of
muscles fibers except 2X), and Type 2B (1:100, DSHB
Cat# BF-F3 RRID:AB 2266724). All antibodies were
diluted in 3% BSA, 5% goat serum prepared in PBS
1 x. Slides were washed 3 times with PBS 1x and incu-
bated for 1 hr at RT with secondary antibodies Alexa 488
goat antimouse IgG1 (Thermo Fisher Scientific Cat #
A-21121 RRID: AB_2535764; it recognizes Type 1,
Type 2A, and Type 2X antibodies) and Alexa 488 goat
antimouse IgM (Thermo Fisher Scientific Cat #A-21042
RRID: AB_2535711 It recognizes Type 2B antibody).
The samples were washed 3 times with PBS 1x and
mounted using VectaShield antifade solution (Vector
Laboratories Cat #H-1000 RRID: AB_2336789).
Images were acquired using an air objective (10x, 0.25
NA) in an epi-fluorescence microscope (Leica DM2500)
equipped with a Leica DFC345FX camera and visualized
in a computer. The excitation light came from a 100 W
Hg lamp, and an fluorescein isothiocyanate (FITC) filter
cube was used to collect the emitted light. Whole muscle
cross-sections were imaged for analysis. Each fiber type
was expressed as a percentage of the total number of
fibers. Validation for each antibody was obtained from
the datasheets provided by the company. The CSA of
individual myofibers from each fiber type was measured.

Transmission Electron Microscopy

For the ultrastructural studies, we used the protocol pre-
viously described by us (Rodrigues et al., 2013).
Briefly, mice were anesthetized with ketamine/xylazine
(0.1 mL/20 g), and the heart left ventricle perfused with
ice-cold modified Karnovsky fixative (4% PFA and 2.5%
glutaraldehyde in 0.1M sodium cacodylate buffer at 4°C)
and maintained in the solution for at least 24 hr at 4°C.
Lumbar spinal cord segments (L1-L5) and TA muscles
from WT and BACHD transgenic mice were then col-
lected. After fixation, samples were washed with cacody-
late buffer (0.1M), cut into several fragments (300 nm),
postfixed in reduced osmium (1% osmium tetroxide con-
taining 1.6% potassium ferrocyanide), contrasted en bloc
with uranyl acetate (2% in deionized water), dehydrated
through an ascending series of ethanol solutions, and
embedded in EPON (epoxy resin). After several days in
the oven at 60°C, the resin blocks were sectioned (50 nm),
and the ultra-thin sections collected on 200 or 300 mesh
copper grids and contrasted with lead citrate. The ultra-
thin sections were viewed with a Tecnai-G2-Spirit FEI/
Quanta electron microscope (120 kV Philips).

To quantify the lipofuscin granules in the motoneur-
ons, we used 30 electron micrographs of the Iumbar
spinal cord motoneurons for each genotype (WT,
BACHD). The counting was performed using the
Imagel software plugins (NIH). Data were presented as
granules/area using the GraphPad Prism 6.
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Motor Behavioral Tests

We used the test paw print test to examine the pattern of
steps of mice hind limbs during the locomotion (adapted
from de Lagran et al., 2004). Briefly, the apparatus con-
sisted of a narrow wooden tunnel (10 x 10 x 70 cm), lined
with white paper, containing a dark box at one of its ends
(positive reinforcement) and positioned in an illuminated
room (aversive stimulus). Rodents naturally seek to be
lodged in safer and dimly lit environments, so when the
animal were placed at the end of the corridor opposite
the box, they naturally tended to walk toward it. The
hind legs of the animals were previously painted with
nontoxic black ink, so that when walking on paper, the
footprints of their legs were printed/recorded. This pro-
cedure was repeated at least 3 times (three trials) for each
animal.

The gait pattern of each animal was recorded through
four gait cycles for each trial and data were expressed as
the mean of at least three trials. A complete gait cycle was
previously defined by de Lagran et al. (2004), as the dis-
tance from one pair of hind legs to the next pair of hind
legs. Three parameters were evaluated: the length and the
width of the step and the size of the step (right and left).
The length of the pitch was measured as the average dis-
tance of locomotion between one leg and the next imme-
diately ahead. The width was measured as the mean
distance between the right and left hind legs. The
length of the stride was considered as the distance
between each cycle (right and left). These variables
were expressed in centimeters.

The data obtained through the behavioral tests were
plotted in Microsoft Excel® and converted to graphical
representations through the program GraphPad Prism
7.0 (San Diego, CA, USA).

Spontancous locomotor activity was evaluated by
means of an automatic open field (LE 8811 IR Motor
Activity Monitors Panlab/Harvard Apparatus), with
acrylic box dimensions 450 x 450 x 200 mm
(width x depth x height; Pereira et al., 2014). The WT
and BACHD animals were habituated in the behavioral
testing room for the minimum time of 60 min. The activ-
ities detected in the horizontal plane (distance traveled
and mean velocity) were measured for 60 min. The mea-
sure of activity total was calculated using the
ACTITRACK program, and the statistical analyses
were performed using GraphPad Prism 6 software.

The wire hang test is a measure of the force muscle
(fore and hind limbs) analysis in rodents, and the experi-
ments were conducted according to protocol described by
Sango et al. (1996) and Prado et al. (2006). The animals
were accustomed to the experimental room and manipu-
lated by the researcher at least 2 hr before of the test. The
apparatus used consisted of a metal grid with spacing of
I cm between the 0.8 mm diameter bars. The test was

conducted in a single session in which the animal was
individually placed on the grid until the hold. The grid
was then inverted and maintained at 20 cm above a foam.
It is important to note that this height is sufficient for the
animal to remain attached to the grid; however, it is
unable to injure it in the event of fall. The latency,
which is the time until the animal disengaged and fell
off the inverted grid for 60 s observation, was measured,
and three observations per animal were considered. It is
important to emphasize that we use time/weight (time
corrected for weight), because the BACHD mice pre-
sented weight gain, and for this reason, we corrected
the time spent in the apparatus by the weight of the
animal. The time was counted in seconds and the
weight in grams.

The grip strength test was performed according to
Fowler et al. (2002). To this end, the power transducer
was connected to a small metal bracket that could be
grasped by the mouse. The force transducer was coupled
to a computer that recorded the maximum grip force in
fore limbs exerted by the mouse. The animals were used
to the test room and handled by only one researcher.

During the test, the experimenter gently manipulated
the animals by the tail to allow adhesion of the animal
with the front legs to the apparatus maintaining the body
of the animal parallel to the surface. After holding for 2 s
in this position, the experimenter continuously increased
the force until the animals lost their grip. The peak of the
force automatically recorded at the time the animals lost
their adhesion was recorded and expressed in grams/force
(g/f). The test was performed 3 times for each animal for
a maximum period of 60 s. The mean values of three
trials were calculated for each animal and used for fur-
ther analysis.

Statistical Analysis

We used Microsoft Excel for analyses and all data were
plotted using the program GraphPad Prism 6. For data
with normal distribution, values were represented as the
standard error of the mean. Statistical significance was
evaluated using the unpaired Student’s 7 test. As
described earlier, when data were not normally distribut-
ed, values were represented as the median, and the
Mann—Whitney test was used to evaluate statistical sig-
nificance. Values of p < .05 were considered statistically
significant. Exact p values were provided in the figure
captions. During analysis, the investigators were blinded
for both animal genotype and experimental group. A
specific number was assigned to each of the genotyped
animals, and the identifier was announced to the
researchers only all the analyses were completed.

In this work, we used a minimum of three animals per
genotype for each data set to obtain statistical difference
with 95% of confidence (¢=0.05) and 0.8 power.
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The exact n for each experimental procedure is described
in the figures’ captions.

Results

Lumbar Spinal Cord Motoneurons Are Reduced
in Size and Number and Are Caspase Positive
in BACHD Mice

Reduced lower limb muscle strength has been described
in HD patients and this contributes significantly to
mobility and balance problems in HD (Busse et al.,
2008; T. Cruickshank et al., 2014). Herein, we investigat-
ed whether the lumbar spinal cord motoneurons that
innervate lower limb muscles are affected in 12-month-
old BACHD mouse model for HD.

We began by investigating the number, size, and mor-
phology of the motoneurons from the ventral spinal cord
lumbar segments (L1-L5). Figure 1(a) and (b) shows rep-
resentative images of ChAT-positive (a motoneuron
marker) neurons located in the ventral portion of the
lumbar segments of the spinal cord of WT and
BACHD animals, respectively. Quantitative analysis of
ChAT-positive neurons showed a significant decrease in
the total number of ChAT-positive cells in the lumbar
segments of BACHD animals when compared with WT
animals (BACHD: 142.0 + 8.0 number; WT: 178.0 £ 17.6
number, mean +standard deviation [SD]; T4=3.3;
*p <.02; Figure 1(e)). We also noticed a significant
decrease in the diameter of these neurons, with ChAT-
positive-BACHD neurons being smaller than WT
(BACHD: 23.74+2.0 pm; WT: 28.3+1.4 um [mean
+SD]; T,=3.1; *p<.03; Figure 1(f)). A similar trend
in number and size was observed when the antibody
against OPN (a specific marker for alpha motoneuron
type) was used in the lumbar spinal cord segments. A
statistically  significant decrease in the number
(BACHD: 80.5+£25.3 number; WT: 131.0+31.4
number [mean 4 SD]; Tg=2.5; *p<.02) and diameter
(BACHD: 30.24+2.3 pm; WT: 35.14+0.6 um; 7,=3.5;
*p<.02) of OPN-positive neurons was observed in
BACHD mice compared with WT (Figure 1(g) and (h)).

It is possible that BACHD ChAT/OPN-positive neu-
rons were dying at 12 months old. Thus, we immunos-
tained lumbar spinal cord sections (40 pm) of BACHD
and WT animals for caspase-3 to investigate whether
these motoneurons were undergoing apoptosis. Figure 1
(c) shows representative images of WT lumbar segments
incubated with the antibody anticaspase-3. Very little
caspase staining was observed in all WT lumbar sections.
On the other hand, lumbar spinal cord sections of
BACHD animals showed a clear presence of caspase-3
labeling with the majority was in ventral horn neurons,
mostly in motoneurons (white arrows; Figure 1(d)).

These observations were confirmed by quantitative anal-
yses of several lumbar spinal cord sections for both gen-
otypes (BACHD: 65.6+8.3 number; WT: 27.0+4.3
number [mean + SD]; T, ="7.1; **p <.002; Figure 1(m)).
Overall, these results indicate that the activation of the
apoptotic cascade can be part of the degenerative
changes seen in motoneurons of BACHD animals.

We next asked if motoneurons from BACHD lumbar
spinal cord presented any abnormal feature at the ultra-
structure level. Qualitative analysis of electron micro-
graphs showed that typical motoneurons in WT
animals were large in size (Figure 1(i)), whereas moto-
neurons from BACHD animals looked significantly
smaller (Figure 1(j), compare with Figure 1(i)). At the
subcellular level, we observed abnormalities in the mito-
chondria from BACHD lumbar spinal cord motoneur-
ons, such as cristae disruption and presence of vacuoles
(Figure 1(1), yellow arrows), whereas in WT animals, this
organelle was well preserved (Figure 1(k)). We also iden-
tified the presence of lipofuscin granules in motoneurons
from BACHD (Figure 1(j)) and WT (Figure 1(i)) animals
(red arrows). However, the number of these granules was
not significantly different between the genotypes
(BACHD: 0.17+0.05 pm? WT: 0.17+£0.03 um” [mean
+ SD]; T4=0.08; p=.4; Figure 1(n)).

Abnormadlities in Sciatic Nerve and NM|Js From
BACHD Mice

We next performed histological analysis of the sciatic
nerve, which projects to the lower hind limb TA muscle
(Figure 2(a) and (b)). We found statistically significant
differences in the following morphological parameters
between BACHD and WT mice: (i) axon diameter
(BACHD: 10.94+3.5 pm; WT: 11.4+4.02 um [median];
**p <.001) (e); (ii) axoplasm diameter (BACHD: 6.8
£2.6 pm; WT: 7.5+£2.8 um [median]; ***p <.0001) (f),
and (iii) G ratio (BACHD: 0.65+0.06; WT: 0.61 +0.07
[median]; ****p < .0001) (h). However, no significant dif-
ferences were observed between WT and BACHD sciatic
nerves in terms of nerve area (c), number of axons per
area (d), and myelin thickness (g).

To determine whether the sciatic nerve abnormalities
described earlier were accompanied by changes in the
innervation of the TA muscle, the NMJs of both geno-
types were pre- and postsynaptically stained with synap-
totagmin and o-btx, respectively. Figure 3(a) and (b)
shows representative images of presynaptic nerve termi-
nals stained with Alexa 488 antisynaptotagmin antibod-
ies from WT and BACHD TA muscles, respectively.
Figure 3(a’) (WT) and (b’) (BACHD) shows the postsyn-
aptic AChRs stained with Alexa 555 a-btx. Figure 3(a”)
(WT) and (b”’) (BACHD) shows the merge of both green
and red signals. Figure 3(c) and (d) shows the graphic
representation of the particle analysis for NMJs
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Figure |. Atrophy in BACHD lumbar motoneurons. Representative images of motoneurons from lumbar spinal cord sections stained
with ChAT from [2-month-old WT (a) and BACHD (b) animals. Scale bar: 50 pm. Fluorescence images of putative motoneurons stained
with caspase-3 in WT (c) and BACHD (d—white arrows). Nuclei were stained with 4',6-diamidino-2-phenylindole. Insert: putative
motoneurons positive for caspase-3 in BACHD. Scale bar: 50 um. (e) and (g) Quantification of ChAT- and OPN-positive motoneurons
profiles in WT and BACHD lumbar spinal cords (~150 neurons analyzed per genotype). Feret diameter for CHAT (f) and for OPN (h)
(unpaired Student’s t test; *p <.05; n =3 animals per genotype). Ultrastructure images showing a motoneuron with more lipofuscin
granules (red arrows) in BACHD (j) compared with WT (i). (k and |) Representative images normal and vacuolated mitochondria in WT
and BACHD, respectively. Scale bar: 500 nm. (m) Graphical quantification of motoneurons stained positively for caspase-3 in WT and
BACHD (~150 neurons analyzed per genotype; unpaired Student’s t test; **p < .002; n = 3 animals per genotype). N: Quantification of the
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p=.4; n=3 animals per genotype). All results described here are from n = 3 individual animals per genotype and were expressed as mean
=+ SD. ChAT = choline acetyltransferase; WT =wild type.

fragmentation. Figure 3(c’) and (d’) shows the skeletoni-
zation process of the NMJs.

We found abnormal features in BACHD TA such as
(1) loss of colocalization between pre- and postsynaptic
elements (BACHD: 87.5+0.8%; WT: 93.1+£1.2%
[mean 4+ SD]; T,=3.6; *p=.02; Figure 3(e)); (ii)) NMJs

partial denervation were identified considering their
colocalization with nAChR clusters (BACHD: 27.6
+2.0%: WT: 56+1.2% [mean+SD]; 74=9.3;
**%p=.0007; Figure 3(f)); (i) decreased presynaptic ter-
minal area (BACHD: 1,231 £ 886 umz; WT: 1,761 =964
pum? [median]; ***p = .0002), but not in postsynaptic area
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Figure 2. BACHD mice present alterations in sciatic nerve morphology. (a and b) Representative images of transversal sections of the
sciatic nerve from 12-month-old WTand BACHD mice, respectively. Note the difference between the size of the axons on inserts in (a;
WT) and (b; BACHD). Scale bar: 10 um. Quantification of nerve area (c), number of axons per nerve area (d), axon’s diameter (e;

*p <.001; Mann—Whitney test), axoplasm diameter (**p <.0001; Mann—Whitney test; f), myelin thickness (g), G ratio (G = d/D, where G
is the G ratio, d is the inner diameter, and D is the outer diameter; **p <.0001; Mann—Whitney test; h). n=3 animals per group. We
analyzed 2.874 axons in WT and 2.573 in BACHD. Unpaired Student’s t test, p >.05 (c and d). WT =wild type.

(Figure 3(g) and (h)); and (iv) pronounced fragmentation  presynaptic marker) in WT and BACHD to confirm that
of AChRs (BACHD: 85.6 + 7.6 um”; WT: 47.6 £3.5 um?  the partial denervation seen was not due to decrease in
[mean £+ SD]. T4,="7.8; **p=.001; Figure 3(i)). We exam- synaptotagmin expression and BACHD animals at 12
ined by western blot the expression of synaptotagmin (a months of age. We observed that the expression of
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Figure 3. NMJs from TA muscles are partially denervated and fragmented in BACHD mice. (a and b) Representative images of TA NMJs
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(green). (2’ and b’) Postsynaptic AChRs labeled with Alexa-555 a-btx (red). (a” and b”): merged images. Scale bar: 50 pm. (c and d):
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from WT and BACHD. Graphs showing the degree of colocalization (e) (*p =.02; unpaired Student’s t test); partial denervation (f)
(***p =.0007 unpaired Student’s t test); presynaptic area (g) (***p =.0002; Mann—Whitney test); postsynaptic area (h) (p >.05; Mann—
Whitney test); and fragmentation of the endplates (i) (**p = 0.001; unpaired Student’s t test). The results represent the mean =+ SD from 50
NM]s per genotype; n =3 individual animals per genotype. (j) Graphs showing higher expression of synaptotagmin in the TA muscle of
BACHD mice. GAPDH was used as a control for protein loading. Densitogram analysis shows the normalized expression of synaptotagmin
(Synt2a/GADPH) from WT and BACHD mice. The results described here are from n=>5 animals per genotype and expressed as mean
+ SD. Unpaired Student’s t test, *p =.04. Quantitative real-time polymerase chain reaction showing the expression of chrnal (k), chrng (1),
Gdf5 (m), and runx! (n) from TA muscle of WT and BACHD mice (n=5 per genotype group). Unpaired Student’s t test, p >.05. Gene
expression was normalized to the geometric mean of the following selected reference genes: B-actin and Rpl39. GAPDH = glyceraldehyde
3-phosphate dehydrogenase; WT =wild type.
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synaptotagmin is even higher in the BACHD TA muscle
than in the TA muscle of the WT animals (BACHD: 1.5
+0.4: WT: 1.0+0.2 [mean=+ SD]; Tyx=2.4; *p=.04;
Figure 3(j)). We also study the expression level of several
genes known to change during denervation like Chrnal
(Yu and Hall, 1991; Ibebunjo et al., 2013), chrng, Gdf5
(Sartori et al., 2013) and RunxI(Zhu et al., 1994).
Interestingly, we observed that there was no difference
in any of the genes tested (Figure 3(k) to (n)).

All abnormalities described earlier were augmented in
BACHD NMJs but were absent or present only in few
cases in WT NMlJs. All these analyses provided evidence
of the degenerative process that is taking place at the
NMJs of TA muscles from BACHD animals.

BACHD TA Muscle Fibers Are Atrophic, With Fiber-
Type Switching and Show Signs of Degeneration at the
Ultrastructure Level

We investigated whether TA muscles, innervated by
motoneurons from lumbar spinal cord segments, were
affected in BACHD mice. To address this, cross-
sections of TA muscles were stained with toluidine
blue. Figure 4(a) and (b) shows representative images
of TA muscle fibers from WT and BACHD animals,
respectively. Quantitative analysis showed that the CSA
of TA muscle fibers was smaller in BACHD mice com-
pared with WT (Figure 4(k); BACHD: 1,535+820.4
pum?; WT: 1,965+7,794 um? [median]; ****p < .0001).
Ultrastructural analyses showed that WT-TA muscle
fibers presented normal looking organelles such as mito-
chondria, well-preserved sarcomeres, triads, and myofi-
brils (yellow rectangle, Figure 4(e)). However, the
BACHD-TA muscle fibers were different in structure,
showing severely disorganized sarcomeres (Figure 4
(fy—dotted area). Figure 4(g) shows an enlarged view
of the dotted area indicated in Figure 4(f). Here, we
observed atypical amounts of intermyofibrillar glycogen
(red arrow), loss of alignment among the sarcomeres
(blue arrows), and invasion of the sarcoplasmic reticulum
onto the myofibrils region (yellow asterisk). In addition,
large vacuoles within the mitochondrial matrix were
observed in the mitochondria of BACHD muscle fibers,
a feature typically present in mitochondria enrolled in
degeneration (Figure 4(h) to (j)).

Next, we investigated whether the BACHD muscle
atrophy could be associated to changes in myosin
heavy chain (MyHC) isoforms expression. To evaluate
this, we used immunostaining for different fiber types
through specific monoclonal antibodies against various
MyHC isoforms. The top panel represents staining for
Type I (Figure 4(c)), Type IIA (Figure 4(c’)), Type 11X
(Figure 4(c)), and Type IIB (Figure 4(c’”)) isoforms of
muscle fibers from WT animals. The bottom panel shows
the same staining but in this case for muscle fibers from

BACHD animals (Figure 4(d’) to (d’)). Quantitative
analysis from individual animals showed a statistically
significant decrease in the number of Type IIB fibers
(BACHD: 35.44+5.1%; WT: 46.8 +4.0% [mean + SDJ;
Te=3.4; *p<.01) and an increase in the number of
Type IIX muscle fibers (BACHD: 48.3+8.3%; WT:
32.5459% [mean+SD]; T4=3.0; *p<.02) in
BACHD TA muscles (Figure 4(1)). Figure 4(m) shows
that muscle fibers positive for Type IIX and Type I1B
isoforms presented a decrease in fiber size (IIX:
BACHD: 381.5+171.9 um?* WT: 414.5+173.3 um?
[mean £ SD]; T =2.3; *p<.03; IIB: BACHD: 634.3
+238.6 pm* WT: 672.3+243.7 pm? [mean+ SDJ;
T70=2.0; *p < 03)

Impaired Motor Behavior in BACHD Mice

Based on the nerve—-muscle alterations described earlier,
we examined if BACHD mice indeed showed motor
impairment. To assess the motor performance, mice
from both genotypes were subjected to the following
tests: paw print, wire hanging, grip strength, and open
field. Regarding the paw print test data, we did not find
significant differences between WT and BACHD for any
of the evaluated standards: step length, step width, and
right/left pass (Figure 5(a) to (d)). In the open-field test,
BACHD mice showed a significant decrease in explorato-
ry behavior. For example, the average distance traveled
by BACHD mice was significantly shorter than the dis-
tance traveled by the WT mice (BACHD: 133.1 £59.8
cm; WT: 276.44+94.6 cm [mean+ SD]; Trs=4.92;
p<.001; Figure 5(a)). In addition, the BACHD mice
scored worse than WT regarding the mean velocity trav-
eled (BACHD: 0.104+0.30 cm/s; WT: 0.224+0.07 cm/s
[mean £ SD]; T»4=5.52; p<.001; Figure 5(b)). The
wire hanging task revealed that BACHD mice presented
more difficulty in sustaining their weight, while most WT
mice kept hold of the grid over the entire duration of the
test (60 s; BACHD: 0.4+0.09 s; WT: 1.4£0.09 s [mean
+SD]; T,7="17.2; p<.0001; Figure 5(c)). However, we
did not observe significant differences in the grip strength
test between the two genotypes BACHD and WT mice
(i.e., test to compare maximum strength; Figure 5(d)).

Discussion

Although HD is mostly described as a neurological dis-
order, there is growing evidence that a peripheral pathol-
ogy participates in disease progression (Ribchester et al.,
2004; van der Burg et al., 2009; Mielcarek, 2015). Indeed,
HTT is normally expressed at high levels in a wide variety
of mammalian tissues (Li et al., 1993) and pathological
aggregates of high-molecular weight HTT have been
found in many non-CNS tissues including skeletal
muscle (Moffitt et al., 2009). Recently, we have showed
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Figure 4. Muscle atrophy, muscle fiber switching and ultrastructural abnormalities in BACHD. (a and b) Representative images of TA
skeletal muscle fibers from [2-month-old WT and BACHD mice. Scale bar: 50 um. (c to ¢’”) and (d to d’”’) Representative images of TA
fiber typing from |2-month-old WT and BACHD mice. Scale bar: 50 um. (e to j) Representative electron micrographs of TA fibers from
WT and BACHD animals. Observe a normal triad in WT (e, yellow box). (g) High-magnification view of the area in (f) showing marked
glycogen accumulation in the intermyofibrillar spaces (red arrows), sarcoplasmic reticulum enlargement (yellow asterisk) and Z-line
discontinuity (blue arrows) in BACHD animals. (h to j) Observe profound mitochondrial changes (green arrows). Scale bar: 500 nm. We
analyzed 90 images per genotype from six individual animals (three per genotype). (k) Quantitative analysis shows the CSA mean values for
WT and BACHD TA muscle fibers. These results represent the mean + SD of more than 4.000 muscle fibers per genotype (*p <.04;
unpaired Student’s t test; n = 3 animals per genotype). (I) Quantitative analysis of the fiber typing showing decreased number of IIB isoform
and increase of 11X in BACHD TA muscle fibers compared with WT (*p =.01 and *p =.02; unpaired Student’s t test; n= 23 animals per
genotype). (m) Quantitative analysis of the CSA from fiber typing (*p =.03; unpaired Student’s t test; n =3 animals per genotype). The
results represent the mean 4 SD (unpaired Student’s t test, *p <.05; n =3 animals per genotype). CSA = cross-sectional area; WT =wild

type.

that MUs of a neck muscle (STM) from BACHD mice
presented morphological alterations in all its compo-
nents, that is, motoneurons, axons, NMJs, and muscle
fibers (Valadao et al., 2017). Nevertheless, the connection
between HD and the progressive disruption of commu-
nication between motoneurons and skeletal muscles
remains poorly explored. Thus, in this study, we investi-
gated whether similar changes were also present in MUs
of the hind limb muscles such as the TA, which is con-
trolled by lumbar spinal cord segments and afflicted by
many degenerative disorders, including HD.

Previous works from other groups reported changes in
NMlJs and muscles in R6/2 mouse model for HD that
could be related to motoneurons degeneration
(Ribchester et al., 2004; Mielcarek and Isalan, 2015;

Khedraki et al., 2017). However, these authors did not
look at the spinal cords to address whether motoneurons
were indeed affected in R6/2 mice. In our previous work
using the BACHD mouse model for HD, we examined
this hypothesis. We observed that CHAT-positive neu-
rons from BACHD cervical spinal cord segments were
significantly fewer (~20%) and smaller in size than
those in WT mice (Valadao et al., 2017). In the current
work, we showed, in another segment of the spinal cord
(lumbar, L1-L5), that ChAT-positive neurons from
BACHD Ilumbar segments were also fewer (motoneurons
number) and smaller (cell soma diameter) compared with
WT mice. Comparatively, these results show similar
pathological changes among cervical and lumbar spinal
cord segments in BACHD mice of the same age,
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Figure 5. Motor behavior alterations in BACHD. (a to d) Graphical quantification of pattern of gait of WTand BACHD mice. (a) Length
of the step (b =.54; unpaired Student’s t test). (b) Step width (p =.51; unpaired Student’s t test). (c) Length of the rigth (b =.07; unpaired
Student’s t test). (d) Length of the left (b =.70; unpaired Student’s t test). (e) Graphical quantification of the total distance traveled by WT
and BACHD mice, showing hypoactivity in transgenic animals (time/weigth = time corrected for weight) (***p <.0l; unpaired Student’s
t test). (f) Graphical quantification of the average speed traveled by both genotypes with a decrease in BACHD animals (time/weigth = time
corrected for weight) (**p <.001; unpaired Student’s t test). (g) Graphical quantification of the total time the animals kept holding their
own weight in the test apparatus (time/weigth = time corrected for weight) (***p =.0001; unpaired Student’s t test). (h) Maximum force
quantification in the test of grip strength exerted by WT animals and BACHD when a constant and opposite force is applied (p =.39;

unpaired Student’s t test). The results express the mean =+ SD from || WTand |7 BACHD animals. GAPDH = glyceraldehyde 3-phosphate

dehydrogenase; WT =wild type.

suggesting that both spinal cord segments (cervical and
lumbar) undergo the same degree of impairment.

As in the cervical spinal cord segments (Valadao et al.,
2017), here we observed that BACHD lumbar spinal
cords present approximately 3 times more motoneurons
positive for caspase-3 when compared with equivalent
WT spinal segments. Although it is not completely
clear whether the neuronal death seen in HD is due
solely to apoptotic process, several lines of evidence indi-
cate that the activation of specific pathways can lead to
neuronal death (Hickey and Chesselet, 2003). In fact,
Gervais et al. (2002), demonstrated that one of the neu-
ronal death pathways in HD occurs through the interac-
tion of mHTT with specific molecules that activate
caspase-8, which in turns lead to mitochondrial altera-
tions with consequent activation of caspase-3, culminat-
ing in cell death by apoptosis.

The qualitative analysis of electron micrographs of
putative motoneurons (large ventral horn neurons)
from BACHD animals presented herein revealed mito-
chondria with changes such as destruction of mitochon-
drial cristae and vacuoles. These subcellular changes were
similar to those identified in BACHD cervical motoneur-
ons (Valadao et al., 2017). In addition, we observed lip-
ofuscin granules in both lumbar genotypes WT and
BACHD. However, this observation was different from
the cervical segments where we detected almost 3 times
more lipofuscin granules in BACHD compared with WT

(Valadao et al., 2017). Studies using transmission elec-
tron microscopy to evaluate damages in the brain of
HD patients have pointed out morphological alterations
such as mitochondria with damaged cristae, occasionally
containing crystalline fibrillar structures within the
matrix and increase in lipofuscin granules (Tellez-Nagel
et al., 1974; Goebel et al., 1978). Moreover, it has been
shown that the relationship of mHTT with mitochondrial
components leads to changes in its structure (Bossy-
Wetzel et al., 2008; Song et al., 2011; Shirendeb et al.,
2012).

Although we observed a decrease in the number of
motoneurons, interestingly, the number of axons is not
altered in BACHD animals. However, we have shown
changes in both the axon and axoplasm diameter,
which leads us to believe that these changes might be
an earlier step in the process of total axonal
degeneration.

Our results also showed changes in the NMlJs of TA
muscles at 12 months old in the BACHD animals. In this
muscle, we identified a significant decrease in presynaptic
element area, but not in the postsynaptic element, which
may be explained by an initial denervation process, as we
also observed locations where there was a lack of overlap
between the presynaptic terminal and nAChR.

Furthermore, we identified significant fragmentation
of NMlJs of BACHD animals but little in control ani-
mals. Although recent data show that the age-
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fragmentation process is not directly related to function
(Willadt et al., 2016), we believe that our data may indi-
cate that structural changes such as fragmentation are
due to the genotype and not just related to age because
the animals evaluated were of the same age. It is known
that mHTT interacts with cytoskeletal synaptic vesicles
proteins that are essential for the structure of NMJs and
for exocytosis and endocytosis of synaptic vesicles at the
nerve terminals (Li and Li, 2004; see review by Zuccato
et al., 2010). Except for postsynaptic area size, which was
not statistically different for the TA muscle, all these
morphological changes were also observed in NMJs of
STM muscle from 12-month-old BACHD animals. This
comparison is useful because we are dealing with NMJs
of two distinctive muscle groups that are affected differ-
ently in animals of the same age in the BACHD murine
model for HD.

We do not observe changes in the number of axons in
the sciatic nerve, despite the significant changes in the
axons diameter. This result seems contrary to the loss
of motoneurons (~20%) observed in the lumbar seg-
ments of the BACHD mice. There are several plausible
explanations for this difference. It is possible that axonal
degeneration is a much slower process than the caspase
labeling observed at the spinal cord. This possibility finds
support in the fact that axons stay for much longer than
motoneurons, a phenomenon previously observed in
amyotrophic lateral sclerosis disease, which is consistent
with the lower number of partial denervation observed
(10%). Another possibility is that the remaining moto-
neurons, the caspase negative, are able to produce new
branches, which should travel within the nerve. These
extra branches should account for a higher number of
axons at the sciatic nerve level. As they are ramifications
from the main axonal branch, most of the new branches
should be smaller in size. This is consistent with the var-
iability in axonal diameter observed in our sciatic nerve
analysis.

Opverall, our results do not show significant differences
in terms of expression for any of the genes examined. It is
possible that the level of partial denervation observed in
BACHD mice, which accounts for about ~10% of the
junctions of the TA muscle, is not enough to induce sig-
nificant changes in the expression of the genes selected. It
may also be possible that diverse signaling pathways are
still in place controlling the expression of these genes.
Whatever the case, these questions do not fall within
the scope of our work. Our results also show that there
is no decrease in synaptptagmin protein in NMJs of
BACHD mice; on the contrary, this protein is overex-
pressed in these animals. These results reinforce that
our denervation data were not due to possible alterations
in the expression of the synptotagmin protein.

Another interesting finding is the change observed in
skeletal muscle fibers of the TA muscle from BACHD

mice. First, we observed a decrease in CSA in muscle
fibers of BACHD animals suggesting muscle atrophy.
A reduction in the total number of fibers could also
have contributed to muscle fiber atrophy in the
BACHD mouse. Indeed, it is well described that muscle
atrophy is a common factor in HD (Farrer and Meaney,
1985; Ribchester et al., 2004; Farrer, 2008). Another
point to be considered is the deleterious effects of
mHTT in muscle fibers of R6/2 mice (Sathasivam et al.,
1999; Moffitt et al., 2009). The BACHD-STM muscle
also showed atrophy of muscle fibers (Valadao et al.,
2017). However, the atrophy seen in the BACHD-TA
muscle was smaller compared with BACHD-STM
muscle. However, the STM muscle has higher variability
in fiber size mainly because it has mixed features of con-
tractility, consisting of fast and slow fibers. In contrast,
the TA muscle is a fast-twitch muscle, usually presenting
about 87% of fast fiber Type IIB muscle fibers
(Bloemberg and Quadrilatero, 2012).

Previous studies revealed that muscle atrophy could be
accompanied by changes in expression of MyHC (Brown
and Hasser, 1996; Carvalho et al., 2003; Rice et al., 2005;
Valadao et al., 2017). Here, we show that the number of
Type 1IB muscle fibers was reduced in BACHD mice,
indicating that the general atrophy seen in this muscle
relates to a change in MyHC isoform because in TA
muscle, Type IIB fibers are predominant (Bloemberg
and Quadrilatero, 2012). These data are in agreement
with the work of Miranda et al. (2017) in which they
showed the same pattern of transition of the type of
fiber in the TA muscle of animals R6/2; however, these
authors did not investigate the protein expression of
MyHC, showing these changes only at the mRNA level
through the quantitative PCR technique. Besides that, we
had already identified changes in the expression pattern
of MyHC in the STM muscle with changes of Type 11X
muscle fibers was reduced in BACHD mice (Valadao
et al., 2017). Together, these results indicate that the atro-
phy seen in both muscles was accompanied by alterations
in the expression of MyHC, differing only in the affected
fast fiber type. The MyHC shift from Type IIB to Type
IIX seen in BACHD TA muscle might be explained by
the observation that, in denervated muscles, there is a
change in the expression pattern of the faster isoforms
for the slower isoforms (d’Albis et al., 1995). We specu-
late that this fiber type may be related to the NMlJs
denervation observed in the TA muscles from BACHD
mice. Data from the literature indicate that motoneurons
and their NMJs differ drastically in size, with biggest
ones innervating fast muscle fibers with largest NMJs
(Burke et al., 1971; Mantilla et al., 2007). We hypothesize
that the changes in the motoneurons described herein,
such as decrease in presynaptic area and size of moto-
neurons in BACHD, cause a reduction in the number of
IIB muscle fibers in TA muscles from BACHD mice.
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However, we cannot rule out the possibility that mHTT
directly or indirectly alters muscle fiber-type profile as
this has been described in R6/2 HD mice model and
also in humans (Strand et al., 2005; for a review, see
Zielonka et al., 2014). Further research will be needed
to clarify this matter.

Interestingly, we noted that the BACHD-TA muscles
have greater accumulation of glycogen in the intermyofi-
brillar spaces and more mitochondrial damage than the
observed in STM muscles (Valadao et al., 2017).
Moreover, in the BACHD transgenic animals, the Z
line did not follow a straight pattern as observed in the
control animals. Indeed, studies of denervated TA
muscles of transgenic rabbits also revealed Z-line mis-
alignment and mitochondrial changes (Ashley et al.,
2007). In light of the information provided by these stud-
ies and because we found greater changes in the mito-
chondria of BACHD TA muscles, it is possible that these
changes could be related to energy imbalance caused by
mitochondrial damage. However, it is important to men-
tion that although the transmission electron microscopy
analysis revealing mitochondrial abnormalities is infor-
mative, caution should be taken in the interpretation of
the present data because our analysis was only qualitative
and not quantitative.

We evaluated the motor function of BACHD and WT
mice to verify the possible relationship between the mor-
phological changes observed in TA MUs and the alter-
ations in motor behavior of BACHD animals. In the
catwalk test, we did not detect statically significant differ-
ences between WT and BACHD mice in any of the gait
patterns evaluated: step length, step width, and right/left
pass. Interestingly, our results are in accordance with the
data of Mantovani et al. (2016), who showed no signifi-
cant differences in walking test between BACHD animals
and controls at 12 months old, even using another mea-
suring device (Noldus® Cat Walk apparatus
[Wageningen, the Netherlands]). These observations
may be related to the fact that the mice are quadruped
animals, which gives them greater stability. Interestingly,
L. Menalled et al. (2009) using the same method used by
us, observed that 18-month-old BACHD mice presented
statistical differences as a larger extension and broader
base. These changes differ from the gait deficit found in
humans, as the steps become shorter in patients with HD
(Koller and Trimble, 1985). However, even without pre-
senting significant changes in the gait, the 12-month-old
BACHD mice showed a robust phenotype in several
behavioral tests that replicate and extend the published
results to date (Gray et al., 2008; L. Menalled et al., 2009;
Mantovani et al., 2016).

The open-field test revealed significant hypoactivity of
BACHD mice, with a significant reduction in locomo-
tion, total distance traveled, and mean velocity.
However, the number of rearing events was not

significantly different when compared with control
mice. These findings are in accordance with the results
reported by L. Menalled et al. (2009), which showed that
at 7 months of age, BACHD mice presented locomotor
hypoactivity. The same results (in 7-month-old BACHD)
were previously observed by Gray et al. (2008). In the
wire hanging test, we observed that BACHD mice per-
formed significantly worse than the WT mice, similar to
what Heng et al. (2007) and Brooks et al. (2012) noticed
in 12-month-old Hdh “*% '** mice. In the wire hanging
test, we observed that BACHD mice performed worse
than the WT mice even after normalizing the weight of
the animals to the time they were kept holding to the
apparatus. It is known that BACHD FVB/N-Tg
(HTT*97Q) IXwy/J mice have increased body weight
with age (Gray et al., 2008). According to Mantovani
et al. (2016), female and male BACHD C57BL/6J mice
gain significantly more weight over time, whereas females
show a 35% increase in body weight and males have a
15% increase when compared with their WTs. For this
reason, we normalized the weight of the animals to the
time they were kept holding to the apparatus. Regarding
the open-field test, we did not make this correction,
because although body weight may influence this test,
literature data show that after food restriction, WT and
BACHD animals at 95 weeks of age present significant
differences between the genotypes in the distance trav-
eled, even after food restriction (Kudwa et al., 2013). In
fact, the animals became more active after food restric-
tion; however, these results may have been influenced by
the fact that dietary restriction may alter the level of anx-
iety in mice by making them more active in the open-field
test, which generates a false impression that weight loss
can improve the motor performance of these animals
(Wable et al., 2015).

In sum, the results obtained showed that the BACHD
mice has major motor alterations, which directly influ-
ence their behavior. The grip strength test did not show
significant changes in the maximum strength between
BACHD and WT mice. L. Menalled et al. (2009)
observed that mice containing only a fragment of
mutant HTT (R6/2) showed deficits in the same motor
test. However, animals expressing the full-length mHTT,
including BACHD, showed no significant differences in
grip strength test. Accordingly, Mantovani et al. (2016)
showed that BACHD animals generated in a C57BL/6J
background (12 months old) did not present deficits in
grip strength test, which corroborate our results. It is also
possible that the deficiencies in movement and balance
observed are due to aberrant connectivity or function in
motor systems of the brain, rather than brain stem or
spinal motor neurons. Besides that, this test is also
open to interpretation as motivational rather than
NMJ/muscle physiological. Therefore, the case for
NMJ involvement in motoneuron/muscle atrophy
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would be better made from isometric force measurements
and intracellular measurements of synaptic function.

Although the findings described herein are suggestive
of axonal or NMJ morphological differences in the
BACHD mouse model, future research involving corrob-
orative nerve conduction measurements, muscle/MU ten-
sion data, or electrophysiological analysis of NMJ
function are necessary to establish whether the abnormal-
ities described at NMJs are biologically significant or
whether they are primary consequences of CAG repeat
expression or a secondary change in response to, for
example, muscle atrophy.

It is important to note that all these results were
obtained from 12-month-old WT and BACHD males.
However, we judge that a study using females would be
valuable, as HD is a disease that affects both sexes and it
has already been shown that this disease has slightly
faster progression in females than in males (Zielonka
et al., 2013). In addition, in a recent study, Zielonka
et al. (2018), showed that women with HD have a declin-
ing motor function affecting, more severely, on function-
ality and independence than in men. On the other hand,
an elegant study was conducted using the HdhQ350/+
HD mice line, demonstrating that expanded polyglut-
amine repeats influence the pathogenesis of HD in a
sex-dependent manner in these mice (Cao et al., 2018).
The results show that only HdhQ350/4+ males have
impaired motor coordination and gait, while females
show no impairment in motor coordination (Cao et al.,
2018).

Therefore, in the face of these evidences in humans
and the animal model for HD, we reiterate that it is in
our interest, in future research, to analyze the entire MU
in females WT and BACHD at 12 months of age, because
in addition to the issues previously mentioned in relation
to gender, females present the issue of the estrous cycle, a
hormonal wildcard that might or might not bring other
perspectives to our study. However, for reasons of crea-
tion, maintenance, conduction of experiments, equip-
ment expenses, reagents and, finally, all the costs that a
research of this level demands, we opted to carry out,
first, a complete work in males.

In summary, here we show that that motoneurons
from BACHD lumbar spinal cord are atrophic, reduced
in size, and undergo apoptosis. The M Us associated with
the TA muscle from BACHD mice present signs of
degeneration such as sciatic nerve reduced axon and axo-
plasm diameters, NMJs’ fragmentation and partial
denervation, skeletal muscle fibers atrophy, and fiber-
type switching (Type 2B-Type 2X). Moreover, this
study provides evidence that different MUs have similar
degrees of impairment in this animal model for HD. That
is, regardless of innervation or muscle composition, it
appears that mHTT may be performing the same
degree of degeneration of these MUs investigated by us

in the two studies. In addition, the changes seen in dif-
ferent spinal cord segments indicate that, our results are
in accordance with neuronal death in the brain.
Therefore, the discovery that motoneurons at the
lumbar spinal cord can be affected in HD, make room
for further studies to elucidate the molecular mechanisms
underlying the motoneuron cell death. Overall, our find-
ings are important, and add further support to the
hypothesis that cellular alterations occurring in peripher-
al tissues, in this case skeletal muscles, occur indepen-
dently of the progression of brain dysfunction (van der
Burg et al., 2009). Thus, this work expands the perspec-
tives about the role of the MU in motor alterations seen
in HD and the possibility that clinical interventions tar-
geting the MU could help treating signs of disease in
patients with HD.

Summary

This study evaluates the morphology of the motor unit of
the tibilais anterior muscle. The main finding is that
Huntington’s disease can affect the motor unit in all its
components, from the motoneuron to the skeletal
muscle.
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