N

N

Impaired muscle force production and higher fatigability
in a mouse model of sickle cell disease
Benjamin Chatel, Christophe Hourdé, Julien Gondin, Alexandre Fouré, Yann

Le Fur, Christophe Vilmen, Monique Bernard, Laurent Messonnier, David
Bendahan

» To cite this version:

Benjamin Chatel, Christophe Hourdé, Julien Gondin, Alexandre Fouré, Yann Le Fur, et al.. Impaired
muscle force production and higher fatigability in a mouse model of sickle cell disease. Blood Cells,
Molecules and Diseases, Elsevier, 2017, 63, pp.37-44. 10.1016/j.bcmd.2017.01.004 . hal-01657964

HAL Id: hal-01657964
https://hal.archives-ouvertes.fr /hal-01657964
Submitted on 18 May 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.archives-ouvertes.fr/hal-01657964
https://hal.archives-ouvertes.fr

Accepted Manuscript

) IBl©@©DR@HEESH
IMICILECIUILES,
&

DISEASES

Impaired muscle force production and higher fatigability in a
mouse model of sickle cell disease

Benjamin Chatel, Christophe Hourdé¢, Julien Gondin, Alexandre
Fouré, Yann Le Fur, Christophe Vilmen, Monique Bernard,
Laurent A. Messonnier, David Bendahan

PII: S1079-9796(16)30207-8

DOLI: doi: 10.1016/j.becmd.2017.01.004
Reference: YBCMD 2143

To appear in: Blood Cells, Molecules and Diseases
Received date: 28 September 2016

Accepted date: 9 January 2017

Please cite this article as: Benjamin Chatel, Christophe Hourd¢, Julien Gondin, Alexandre
Fouré, Yann Le Fur, Christophe Vilmen, Monique Bernard, Laurent A. Messonnier, David
Bendahan , Impaired muscle force production and higher fatigability in a mouse model of
sickle cell disease. The address for the corresponding author was captured as affiliation for
all authors. Please check if appropriate. Ybecmd(2017), doi: 10.1016/j.bcmd.2017.01.004

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


http://dx.doi.org/10.1016/j.bcmd.2017.01.004
http://dx.doi.org/10.1016/j.bcmd.2017.01.004

Muscle function in sickle cell mice

Impaired muscle force production and higher fatigability in

a mouse model of sickle cell disease
Benjamin Chatel®, Christophe Hourdé®, Julien Gondin®*, Alexandre Fouré?, Yann Le Fur?,
Christophe Vilmen?, Monique Bernard?, Laurent A. Messonnier®®, David Bendahan®
2Aix-Marseille Univ, CNRS, CRMBM, Marseille, France
PUniversité Savoie Mont Blanc, Laboratoire Interuniversitaire de Biologie de la Motricité,
EA7424, F-73000 Chambéry, France

'Present address: Institut NeuroMyoGeéne, Université Claude Bernard Lyon, UMR CNRS
5310 — INSERM U1217, 69100 VILLEURBANNE

Correspondence

Benjamin CHATEL

Centre de Résonance Magnétique Biologique et Médicale
Faculté de Médecine, 27 Boulevard Jean Moulin

13385 Marseille Cedex 05

benjamin.chatel@live.fr

Running title
Muscle function in sickle cell mice



Muscle function in sickle cell mice

Abbreviations

FTI: force-time integral

HbAA: control form

HbAS: heterozygous form of sickle cell disease
HbS: sickle hemoglobin

HbSS: homozygous form of sickle cell disease
MHC: myosin heavy chain

MRI: magnetic resonance imaging

Pf: peak force

RBC: red blood cell

RFDiniriar: initial rate of force development
RFDnax: maximal rate of force development
SCD: sickle cell disease

t12 relaxe half-time of force relaxation

Abstract

Skeletal muscle function has been scarcely investigated in sickle cell disease (SCD) so that
the corresponding impact of sickle hemoglobin is still a matter of debate. The purpose of this
study was to investigate muscle force production and fatigability in SCD and to identify
whether exercise intensity could have a modulatory effect. Ten homozygous sickle cell
(HbSS), ten control (HbAA) and ten heterozygous (HbAS) mice were submitted to two
stimulation protocols (moderate and intense) to assess force production and fatigability. We
showed that specific maximal tetanic force was lower in HbSS mice as compared to other
groups. At the onset of the stimulation period, peak force was reduced in HbSS and HbAS
mice as compared to HbAA mice. Contrary to the moderate protocol, the intense stimulation
protocol was associated with a larger decrease in peak force and rate of force development
in HbSS mice as compared to HbAA and HbAS mice. These findings provide in vivo
evidence of impaired muscle force production and resistance to fatigue in SCD. These
changes are independent of muscle mass. Moreover, SCD is associated with muscle
fatigability when exercise intensity is high.

Key words
Rate of force development, muscle mass, exercise intensity, muscle volume.
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Introduction

Sickle cell disease (SCD) is an inherited hemoglobin disorder characterized by the
production of an abnormal hemoglobin S (HbS). The main pathological signs of the disease
are a chronic hemolytic anemia and painful vaso-occlusive crises [1]. Skeletal muscle
function has been reported to be impaired as a result of the pathophysiological
manifestations of SCD. Indeed, maximal strength of forearm and respiratory muscles as well
as peak power of locomotory muscles have been shown to be impaired in SCD patients [2;
3; 4; 5]. The reduced muscle strength reported in SCD mouse models (Berk and/or Townes)
[6; 7; 8; 9; 10; 11] further supports the muscle dysfunction in SCD. While several potential
accounting factors have been evoked with respect to the muscle dysfunction in SCD, they
are still debated. The attractive hypothesis of a reduced muscle mass [2] has been put forth
given that myocytes atrophy has recently been observed in SCD patients [12]. However, on
the basis of body composition measurements, Dougherty et al. [3] suggested that the
impaired muscle strength could not totally be explained by a reduced muscle volume. Along
the same line, the reduced grip test performance reported in SCD mice was not linked to a
reduced lean body mass [8]. These two latter studies suggest that the dampened muscle
force production capacity in SCD cannot be exclusively related to muscle atrophy. A second
hypothesis is related to central factors [2]. This is based on the fact that SCD patients
displayed a 42% lower surface electromyography activity, suggesting an impaired muscle
fibers recruitment [2]. However, this difference was not statistically significant. Deep tissue
hyperalgesia has been proposed as an additional hypothesis given that analgesia improved
muscle strength in SCD mice [6; 7; 9]. However, although analgesia did improve muscle
function, the analgesic-treated SCD mice still displayed a reduced muscle strength as
compared to their control counterparts [9]. Considering the multiple manifestations of SCD,
one could hypothesize that skeletal muscle alterations could modulate muscle contraction
and account for, at least to some extent, the well-acknowledged lower muscle force
production. However, this hypothesis has never been tested so far.

Based on patients’ reports [13; 14] and on performances during physical activities
[15], fatigue has recently been suggested as a major symptom in SCD [13; 14], but this
aspect remains controversial. In addition to hematological and cardiorespiratory limitations, it
was suggested that alterations in skeletal muscle function could take part to the overall
fatigue reported by SCD patients [16]. From a muscular point of view, fatigue has been
defined as a reduction in the force generating capacity of the neuromuscular system,
regardless of the level of force required [17]. Recently, Waltz et al. [2] reported a normal
exercise-induced muscle fatigability in SCD patients as compared to control subjects. In their
study, the reduction in maximal voluntary contraction (defined as fatigability) was reported
for a 50%-maximal voluntary contraction exercise intensity [2] which could be considered as
too moderate to distinguish patients and controls given the relationship between fatigability
and exercise intensity [18]. In order to properly address this issue, it would be of interest to
assess muscle fatigability in SCD for various exercise intensities. Considering that acute
intense exercise could be harmful for SCD patients [19], we chose to investigate these
parameters in a mouse model of the disease [20].
In the present study, we aimed at determining muscle force production and fatigability in
response to different exercise intensities in a mouse model of SCD. In order to address the
issue of potential confounding factors such as muscle atrophy, central factors and physical
activity level, we used electrically induced contractions and quantified muscle mass and
volume in strickly sedentary mice. In this study, we aimed at determining whether the
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presence of HbS would be associated with impaired i) muscle force production and ii)
resistance to fatigue and whether these effects would be dependent to exercise intensity.
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Materials and Methods

Animal care and feeding
Investigations were performed in the Townes model of humanized SCD mice

[BG;129_Hbatml(HBA)TOWHbbth(HBGl,HBBn) TOW/Hbbtm3(HBGl,HBB)TOW/J] (JaCkSOFI LabOFatOFy,
Stock number 013071) [6; 20; 21]. These mice do not express mouse hemoglobin but a
human mutated hemoglobin. One mutation has been designed with the human hemoglobin

a-gene and the second with i) the human “y-globin gene and ii) sickle hemoglobin (B%) or

human wild-type beta globin (BA) for SCD and control mice, respectively. Mice were
identified through PCR genotyping of mouse-tail DNA according to the Jackson Laboratory’s
recommendations. SCD mice recapitulate several hematologic phenotypes of human SCD
(anemia, reticulocytosis, leukocytosis, sickling) and have liver as well as kidney disorders [6;
20; 21].

Five-month-old (males) HbAA (control, n = 10), HbAS (heterozygous form of SCD, n
= 10) and HbSS (homozygous form of SCD, n = 10) mice were used in this study conducted
in agreement with the French guidelines for animal care and in conformity with the European
convention for the protection of vertebrate animals used for experimental purposes and
institutional guidelines n° 86/609/ CEE November 24, 1986. All animal experiments were
approved by the Institutional Animal Care Committee of Aix-Marseille University (permit
number: 01835.02). Mice were housed in an environment-controlled facility (12—-12 h light—
dark cycle, 22 °C) and received water and standard food ad libitum.

Animal preparation

Mice were initially anesthetized in an induction chamber (Equipement vétérinaire,
Minerve, France) using 4% isoflurane in 33% O, and 66% N,O. After the whole left lower
hindlimb was shaved, electrode cream for electromyography was applied at the knee and
heel regions to optimize electrical stimulation. Anesthetized animal was placed supine within
a home-built cradle designed especially for the strictly noninvasive investigation of posterior
hindlimb muscles function [22; 23]. The setup integrates an ergometer consisting of a foot
pedal coupled to a force transducer and two rod-shaped transcutaneous surface electrodes
(one located above the knee and the other under the heel) connected to an electrical
stimulator (Digitimer, Ltd., Model DS7A, Welwyn Springs, UK). The foot was positioned on
the ergometer pedal that was adjusted to have a 90° flexion ankle joint. Corneas were
protected from drying by applying ophthalmic cream, and the animal’s head was placed in a
home-built facemask supplied continuously with isoflurane throughout the experiment for
anesthesia maintenance. Animal body temperature was controlled and maintained at
physiological temperature during anesthesia using a feedback loop, including an electrical
heating blanket (Prang & Partner, Pfungen, Switzerland), a temperature control unit (ref. no.
507137; Harvard Apparatus), and a home-built rectal thermometer constructed with a NTC
thermistor SMC series (ref no. NCP18XW220J03RB-2.2K; Murata, Kyoto, Japan). Breath
rate was controlled throughout the protocol and isoflurane concentration was adjusted to
keep the breath rate between 100 and 130 breathmin™ (1.25 — 1.75 % isoflurane).

Study design
The non-invasivness of our setup permit to test mice twice over a one-week period in
order to assess muscle mechanical performance using two different stimulation protocols
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(moderate and intense) performed in a random order. Muscle volume and T, values were
guantified at rest using magnetic resonance imaging (MRI).

MRI data acquisition and processing

Investigations were performed using a 47/30 Biospec Avance MR system (Bruker,
Karlsruhe, Germany) equipped with a Bruker 120-mm BGA12SL (200 mT/m) gradient insert.
Ten consecutive non-contiguous axial scout slices (1 mm thickness, spaced 1 mm) covering
the region from the knee to the ankle were selected across the lower hindlimb.
RARE images of these slices (Rare factor = 4, effective echo time = 22.52 ms, actual echo
time = 19.597 ms, repetition time = 1000 ms, 6 accumulations, 42 x 42 mm field of view, 256
x 192 matrix size, acquisition time = 4 min 48 s) were recorded at rest in order to assess
muscle volume. The posterior hindlimb muscles region was manually delineated on each
slice and then muscle volume (mm?®) was calculated as the sum of the four volumes included
between the five consecutive largest slices. The reproductibility of this method has already
been demonstrated [22].

Multiecho T,-weighted images of these slices (16 echo times equally spaced from
11.79 ms to 188.67 ms; 2020-ms repetition time; one accumulation; 30 x 30 mm field of
view; 256 x 128 matrix size; total acquisition time = 4.3 min) were recorded at rest. T,-
weighted images were processed in order to generate T,-maps on a pixel-by-pixel basis by
fitting the *H-MRI data with a single exponential function. Because of imperfect refocusing
(hermite refocusing pulse), even echoes were excluded from the analysis. Mean T, values
for the posterior hindlimb muscles were measured on T, maps and averaged for the three
consecutive largest slices by manually outlining regions of interest.

Maximal tetanic force measurement

Transcutaneous stimulation intensity was first elicited with square-wave pulses (0.5
ms duration). The individual maximal stimulation intensity was determined by progressively
increasing the stimulus intensity until there was no further increase in force. This intensity
was then maintained to assess maximal tetanic force using tetanic stimulation (duration =
0.5 s, frequency = 150 Hz). Maximal tetanic force was determined on the basis of the
maximal force amplitude and was evaluated twice over a one-week period (before each
stimulation protocol). The highest value recorded was considered as the maximal tetanic
force and was also expressed with respect to posterior hindlimb muscles weight to obtain
specific maximal tetanic force.

Stimulation protocols and force measurement

The transcutaneous stimulation protocol consisted in 6 min of repeated isometric
contractions electrically induced with square wave pulses (0.5 ms duration) at the individual
maximal stimulation intensity. One stimulation protocol was set at 0.5 Hz (moderate
protocol) and the other at 2 Hz (intense protocol).

Force data acquisition and processing

Analog electrical signal coming out from the force transducer was amplified with a
home-built amplifier (gain = 70 dB, 0-5 kHz bandwidth, Operational amplifier AD620; Analog
Devices, Norwood, MA), converted to a digital signal, monitored and recorded on a personal
computer using the Powerlab 35/series system (AD Instruments, Oxford, United Kingdom).
Peak force (Pf, mN.g™) and force-time integral (FTI, mN.s.g™") were calculated for each
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contraction (Fig 1) using the LabChart software (AD Instruments, Oxford, United Kingdom)
and expressed with respect to posterior hindlimb muscles weight. Initial rate of force
development (RFDinitia), maximal rate of force development (RFD.x) and half-time of force
relaxation (ti relax) Were determined for each contraction using a MATLAB (MathWorks,
USA) routine as described in Fig 1. RFDj,iia @and RFDya refer to the force signal slopes
measured during the first 20 ms of contraction and within £ 10 ms the half-time of force
contraction, respectively. t1,, reiax refers the time delay between the peak force and the half-
relaxation. The first contraction of both protocols was used to evaluate initial Pf, FTI,
RFDinitiah RFDmax and 1:1/2 relax:

Each parameter was averaged every 4 s, except for FTI for which data were summed
over 4 s to assess force production. For each protocol, a fatigue index was quantified.
Because of the differences of Pf time-course between moderate and intense protocols, the
fatigue index was differently calculated in each protocol. During the moderate protocol, the
fatigue index was calculated as the difference between the mean Pf recorded during the first
and the last 4 seconds of contraction and expressed as a percentage of the value recorded
during the first 4 seconds. For the intense protocol, the fatigue index corresponded to the
difference between the maximal and the last values of Pf, expressed as a percentage of the
maximal value. In the same way, RFDinitia, RFDmax and ty2 reiax Changes were also calculated
during both protocols as the difference between the mean of the corresponding parameter
recorded during the first and the last 4 seconds of contraction and expressed as a
percentage of the value recorded during the first 4 seconds. During the intense protocol, a
staircase index was also quantified considering Pf. It corresponds to the difference between
the minimal value recorded during the first two minutes of stimulation and the maximal value
and was expressed as a percentage of the minimal value recorded during the first thirty
seconds.

Tissue withdrawal

Mice were anesthetized intra-peritoneally with a Ketamine (110 mL/kg) — Xylazine (10
mL/kg) mixture. Soleus, plantaris, gastrocnemius, tibialis anterior and extensor digitorum
longus muscles were carefully dissected before mice were submitted to a cervical
dislocation. Each muscle was then weighted (wet weight). The posterior hindlimb muscles
weight, corresponding to the sum of soleus, plantaris and gastrocnemius muscles weights
was used for the normalization of force parameters. Tibialis anterior and extensor digitorum
longus muscles weights were also summed to determine the anterior hindlimb muscles
weight.

Myosin heavy chain (MHC) isoforms distribution

After the whole gastrocnemius of 6 HbAA, 6 HbAS and 6 HbSS mice were crushed
with mortar and pestle immersed in liquid nitrogen, approximately 30 mg of muscle was
homogenized in 500 uL of buffer (NaH,PO4 200 mM, Na,HPO, 200 mM, Magnesium acetate
4 mM, Aprotinine 10 pug/mL, EGTA 1mM) with a tissue homogenizer (Polytron PT 1600 E,
Kinematica, Switzerland). After 0.1 % triton was added, samples were incubated 45 minutes
at 4°C and then centrifuged (1 h, 10 000 g, 4°C). The pellet was resuspended (NaCl 0.3 M,
NaH,PO, 0.1 M, Na,HPO, 0.05 M, Na,P,0; 0.01 M, MgCl, 1mM, EDTA 10 mM, B3-
mercaptoethanol 1.4 mM, pH 6.5). After a one-hour incubation (4°C), samples were
centriguged (15 min, 10 000 g, 4°C). The supernatant were diluted 1:1 (v/v) with glycerol and
stored at -20°C [24].

MHCs were separated on 4% polyacrylamide stacking gel and 8% polyacrylamide
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running gel both containing 30% glycerol [25] using the Bio-Rad mini-protean Tetra cell
system as previously described [24]. The gels were migrated for 36 h at 70 V and the
temperature was maintained at 4°C. The gels were silver stained [26] and different isoforms
previously identified [24] were monitored using the ChemiDoc™ XRS+ System (Bio-Rad
Laboratories). Signal intensity was quantified using the Image Lab™ Software (Bio-Rad
Laboratories) and expressed as a percentage of total MHC signal.

For MHC distribution analysis, only the gastrocnemius was analyzed since i)
gastrocnemius muscle represent more than 80 % of total posterior hindlimb muscles weight
and, ii) it has been previously demonstrated that this stimulation protocol involved principally
the gastrocnemius muscle [22].

Statistical analysis

Data are presented as means + standard deviation. Statistical analyses were performed with
Statistica software version 9 (StatSoft, Tulsa, OK, USA). Normality was checked using a
Kolmogorov—Smirnov test. One-way ANOVA was used to compare anatomic parameters, T,
values, MHC isoforms distribution and the changes in force parameters observed during the
protocol. Repeated measures ANOVA were used to identify potential group differences in
force parameters at the onset of the stimulation protocol (the first contraction of both
protocols corresponded to the repeated measure). Repeated measures ANOVA were also
used to compare time-courses of force parameters. When a main effect or a significant
interaction (indicating that the time-effect on the dependent variable is different among
groups) was found, a Newman—Keuls post-hoc analysis was performed. Significance was
accepted when p < 0.05.
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Results
Anatomical properties and T, values

Anatomical data are summarized in table 1. Body weight, posterior and anterior
hindlimb muscle weights and posterior hindlimb muscles volume measured by MRI
(illustrated in Fig 2 and showed in table 1) were not statistically different among groups (p >
0.05). In addition, T, values of posterior hindlimb muscles were not different between HbAA
(26.1 £ 1.1 ms), HbAS (27.1 £ 1.6 ms) and HbSS (27.2 £ 2.0 ms) mice (p > 0.05).

Muscle force parameters at the onset of the stimulation protocol

Absolute maximal tetanic force (Fig 3A) was significantly reduced in HbSS as
compared to HbAA mice (-13%, p < 0.05). The 8%-decrease in comparison with the HbAS
group did not reach the level of significance (p > 0.05). The specific maximal tetanic force
(per g of muscle mass) was significantly reduced in HbSS mice as compared to both HbAA
(-21%, p < 0.001) and HbAS (-17 %, p < 0.001) groups (Fig 3B).

The force parameters evaluated for the first twitch of both protocols are summarized
in Table 2. Pf was significantly reduced in both HbSS (p < 0.001, —36%) and HbAS (p <
0.01, —24%) as compared to HbAA mice (421 + 119 mN.g™). FTI was also significantly lower
in both groups (p < 0.01) than in control mice. Both RFD;iia and RFDa Were reduced in
both HbSS and HbAS groups (p < 0.05) while the ty; elax Was longer in HbSS and HbAS
mice as compared to control mice (p < 0.05, +10%).

Time-courses of muscle force parameters during moderate and intense stimulation protocols

As illustrated in Figs 4A and 4C, time-courses of Pf and FTI were fairly stable
throughout the moderate protocol, although we observed a significant time-effect for both
parameters (p < 0.001) which could be due to the slight decrease at the onset of the
stimulation protocol. On the contrary, the intense protocol led to a totally different pattern
with a significant time effect too (Figs 4B and 4D, p < 0.001). The time-courses of Pf and FTI
were biphasic with an initial increase and a peak reached after a 90-s contraction period.
Then both variables progressively decreased until the end of the stimulation period. Overall,
we observed that both HbSS and HbAS mice developed a lower Pf as compared to HbAA
mice during both the moderate (p < 0.01 and p < 0.05, respectively) and the intense (p <
0.001 and p < 0.01, respectively) stimulation protocols. The FTI time-course differed
regarding the groups and the stimulation protocol. During the moderate protocol, only the
HbSS mice displayed lower values as compared to the HbAA mice (Fig 4C, p < 0.05). On
the contrary, both HbSS (p < 0.001) and HbAS (p < 0.01) mice had a reduced FTI during the
intense protocol (Fig 4D). Interestingly, the HbAS mice had both a higher Pf and FTI as
compared to the HbSS mice during the intense protocol only (p < 0.05). During the moderate
stimulation protocol, we did observe no significant time x group interaction (p > 0.05) either
for the fatigue index or the FTI change among the different groups (table 3, p > 0.05). On the
contrary, for the intense protocol, we found a significant time x group interaction (p < 0.001)
with fatigue index and FTI change being significantly larger in HbSS mice as compared to
both HbAS (p < 0.05 and p < 0.01, respectively) and HbAA (p < 0.01, table 3) mice. In
addition, the staircase index was significantly lower in the HbSS mice as compared to the
HbAS group (p < 0.01) and tended to be lower in HbSS as compared to HbAA mice (p =
0.063, table 3).
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During the moderate protocol, HbAS and HbSS mice presented slower initial
(RFDinitial, p < 0.01, Fig 5A) and maximal (RFDa, p < 0.05, Fig 5C) rates of force
development as compared to the HbAA group. Similarly, during the intense protocol (Figs 5B
and 5D), HbSS mice displayed slower RFD;iia (p < 0.05) and RFDyax (p < 0.01) as
compared to HbAA mice. The comparative analysis between the HbAS and the HbAA mice
only disclosed a slower RFD, in the HbAS group (p < 0.05) whereas the RFD;pitia Was not
significantly different. Althought we observed a group x time interaction for RFD;s and
RFDnax during the moderate protocol (Figs 5A and 5C), both RFD;yia and RFDax changes
were not statistically different among groups (table 3). On the contrary, during intense
protocol, both RFD;niia and RFDa Changes were significantly larger in HbSS mice in
comparison to other groups (table 3, p < 0.01 and p < 0.001, respectively).

Regarding the post-stimualtion relaxation phase, the half-time of force relaxation (ty
relax, FigS 6A and 6B) was not affected by group, whatever the stimulation protocol (table 2).

MHC isoforms distribution

Three different MHC isoforms were separated from the whole gastrocnemius
homogenates in the three groups (Fig 7B) given that our methods did not distinguish type lla
and lIx MHC isoforms. As illustrated in Fig 7A, no difference was observed regarding the
MHC isoforms distribution among groups.
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Discussion

In the present study, we aimed at characterizing muscle function in a humanized
SCD mouse model and at identifying whether exercise intensity could modulate the
potentially impaired force production and fatigability. We mainly found that force production
capacity was impaired in SCD mice and so independently of muscle mass. We also
identified that HbSS mice displayed a higher fatigability throughout the intense exercise,
whereas exercise-induced muscle fatigue was unchanged during the moderate stimulation
protocol. Interestingly, the muscle function profile in HbAS mice was almost systematically
intermediate between the HbSS and the HbAA groups.

Muscle force production

One of our key findings is related to the impaired muscle force production capacity in
SCD mice which is supported by several converging results. The absolute and specific
maximal tetanic forces were reduced in the SCD mice similarly to the Pf and FTI measured
at the onset of the stimulation protocol (table 2) and throughout moderate and intense
exercises (Fig 4). The lower maximal force production (—21% for specific maximal tetanic
force) reported here in SCD mice is in accordance with previous studies conducted in
humans [3; 4] and in mouse models [6; 7; 9]. As compared to our results, all the animal
model studies reported a similar reduction in grip test performance [6; 7; 9; 10; 11] (-18 and
—28% for overall and forelimb strength, respectively [6]) while studies conducted in humans
indicated a reduced maximal voluntary contraction of forearm muscles (—27% [2], —16% [3]
and —23% [4]). In addition, regardless of exercise intensity, the presence of HbS was
associated with a significantly slower RFD indicating an impaired kinetics of force
development in SCD mice.

Considering the well acknowledged relationship between force production and
muscle size [27], Waltz et al. [2] proposed that the force alterations in SCD would be
accounted for the muscle atrophy. In our study, muscle mass and volume investigations
clearly ruled this hypothesis out. The present results are in agreement with Dougherty et al.
[3] who previously suggested that the force production deficit found in SCD patients could
not totally be explained by anthropometric alterations. Alternatively, possible modulations of
force production capacity by central factors involved in muscle activation were suggested by
Waltz et al. [2] since SCD patients displayed a 42% lower (but not statistically significant)
surface electromyography activity. However, central factors cannot be considered as
accounting factors in our study given that force was electrically induced (with maximal
intensities) in anesthetized mice. Taken together, our results emphasize alteration of muscle
function associated with HbS, and so independently of muscle atrophy and central factors
involved in muscle activation. In other words, the muscle dysfunction we have quantified in
SCD mice could be, at least partly, attributed to altered muscle properties.

In that respect, some of our results would argue in favor of a particular muscle fiber
type distribution in SCD mice. Indeed, it has been shown that both staircase phenomenon
[28] and RFD [29; 30] were clearly higher in type Il as compared to type | fibers. The
reduced staircase index (even if the difference was not significant with HbAA mice) and RFD
we observed in SCD mice would then suggest a shift toward a lower proportion of type Il
fibers in those animals in agreement with the reduced proportion of type Il fibers reported in
SCD patients [12]. However, no difference in MHC isoforms distribution was found in the
present study (for the gastrocnemius muscle), suggesting a regular contractile phenotype in
SCD mice. Considering that i) we observed no alteration in MHC isoforms distribution in
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SCD mice, and that ii) fiber type distribution has been poorly correlated with maximal force
production [27], we can assume that other accounting factors should explain the impaired
muscle force production capacity we observed in SCD mice.

The pro-inflammatory status, which has been previously described in SCD [31; 32]
could also be evoked. It has been shown that an inflammatory status can directly affect
contractile function (reducing maximal force and RFD) thereby resulting in muscle weakness
[33]. In order to assess a potential inflammatory status, we measured T,-relaxation times at
rest using MRI. In both humans and animal models, it has been shown that T, values could
change in a variety of pathophysiological conditions including among others, edema,
necrosis, fatty infiltration and inflammation [34; 35]. The unchanged T,-relaxation in the SCD
mice could rule out muscle damage and inflammation as accounting factors of the impaired
muscle force production capacity in SCD mice. Accordingly, neither inflammation nor
necrosis has been reported in muscle tissue of SCD patients [12].

Considering that force relaxation and staircase phenomenon were reported to
depend on sarcoplasmic reticulum function [18] and the Ca**/calmodulin-dependent pathway
[28], respectively, the longer ty; e1ax and lower staircase index we measured in SCD mice
could illustrate a potential Ca®* handling deficiency. These potentially impaired calcium-
mediated mechanisms have to be analyzed in the light of a recent study showing than the
total deletion of calpain-1 (a calcium activated protease) in HbSS mice (Townes) was related
to an increased grip force [11]. Although our hypothesis is speculative, it has to be kept in
mind that, oxidative stress, which has been well-described in SCD [36; 37], is also known to
reduce myofibrillar Ca?* sensitivity and to impair Ca®" uptake by the sarcoplasmic reticulum,
leading to the deterioration of muscle function [38]. Further studies should be performed in
order to address this issue.

The heterozygous form of SCD (HbAS or sickle cell trait) is characterized by a
smaller proportion of HbS [39]. Interestingly, muscle force parameters of HbAS mice were
almost systematically intermediate between the HbSS and HbAA mice. This observation
would suggest that muscle dysfunction is proportional to HbS content and further supports
the idea of a deleterious effect of HbS on muscle tissue and function, as already observed in
humans [12].

Muscle fatigability

In the present study, we illustrated that the fatigability variables (changes in Pf, FTI
and RFD) recorded during the moderate protocol were not abnormal for the SCD mice (table
3). These results are consistent with those of Waltz et al. [2] who found a similar force
reduction in SCD patients submitted to a light fatigue protocol as compared to healthy
controls. Interestingly, the similar force reduction measured by Waltz et al. [2] (-17% for
SCD patients) and in our moderate protocol (—21% for SCD mice) could indicate that these
exercises were comparable in terms of intensity. Taking together, these studies suggest that
a moderate exercise is not particularly stressful for the muscle function in SCD. Along the
same line, previous studies indicated that moderate exercises did not induce clinical,
hemorheological and inflammatory complications in SCD patients [40; 41].

On the contrary to what we observed during the moderate exercise, the intense
stimulation protocol induced a larger fatigability in SCD as compared to controls. The
corresponding variables i.e. the changes in Pf, FTI and RFD were significantly higher in
HbSS mice as compared to both the HbAS and HbAA counterparts. Considering that this
type of exercise has a large metabolic impact in terms of phosphocreatine and glycogen
beakdown [42; 43] and given that the corresponding by-products i.e., inorganic phosphate
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and protons [42; 43] have been incriminated in disruption of muscle function (i.e. force
production and RFD) [18; 44, 45; 46], a metabolic defect might be considered as a potential
accounting factor of the higher fatigability in SCD. Supportive of this hypothesis, SCD is
associated with anemia (a well-known accounting factor of fatigue [47]) [1], arterial
desaturation [48; 49] and impaired muscle oxidative potential [12], which collectively
contribute to limit muscle oxygen supply and utilization and potentially exacerbate non-
oxidative ATP production thereby leading to marked intracellular acidosis and inorganic
phosphate accumulation [50]. Further studies should be performed in order to address this
issue.

Conclusion

In summary, in the present study, we provided functional evidences of a significantly
impaired muscle function in SCD mice which is independent of muscle mass and central
factors. Interestingly, the corresponding abnormalities regarding muscle weakness and
fatigability are exacerbated by an intense exercise. Given that muscle strength, RFD and
fatigue were described as predictors of functional capacity in elderly people and patients
with various diseases [14; 51; 52; 53], these factors could explain the poor quality of life in
SCD patients. Further investigations would be required to describe the underlying muscle
structural alterations and/or metabolic mechanisms involved in muscle weakness and
fatigability in SCD.
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Figure legends

Fig 1. Time-course of force production during a typical single twitch.

Pf is the peak force and FTI (grey hatching) the force-time integral. RFD;,iia refers to the rate
of force development measured during the first 20 ms of contraction. RFD s is the rate of
force development measured between the 10-ms before and the 10-ms after the half-time of
force contraction points. ty, relax: half-time of force relaxation.

Fig 2. Typical axial magnetic resonance images representing hindlimb of HbAA (A),
HbAS (B) and HbSS (C) mice.

Regions of interest drawn in black dashes correspond to the posterior area of the hindlimb
selected for muscle volume measurements.

Fig 3. Absolute (A) and specific (B) maximal tetanic force.
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Values are presented as mean * SD. * and ***: significantly different from HbAA (p <0 .05
and p < 0.001, respectively). M significantly different from HbAS (p < 0.001). 10 HbAA (19.0
+ 0.7 weeks old), 10 HbAS (18.7 £ 0.6 weeks old) and 10 HbSS (18.3 + 0.5 weeks old) male
mice were studied.

Fig 4. Time-courses of peak force and force-time integral during moderate (A and C,
respectively) and intense (B and D, respectively) stimulation protocols in HbAA
(white), HbAS (grey) and HbSS (black) mice.

Values are presented as mean = SD. *, ** and ***: Significantly different from HbAA (p <
0.05, p < 0.01 and p < 0.001, respectively). ™: Significantly different from HbAS (p < 0.05). 10
HbAA (19.0 + 0.7 weeks old), 10 HbAS (18.7 + 0.6 weeks old) and 10 HbSS (18.3 + 0.5
weeks old) male mice were studied.

Fig 5. Time-courses of initial and maximal rates of force development during
moderate (A and C, respectively) and intense (B and D, respectively) stimulation
protocols in HbAA (white), HbAS (grey) and HbSS (black) mice.

Values are presented as mean = SD. * and **: significantly different from HbAA (p < 0.05
and p < 0.01, respectively). 10 HbAA (19.0 + 0.7 weeks old), 10 HbAS (18.7 £ 0.6 weeks
old) and 10 HbSS (18.3 + 0.5 weeks old) male mice were studied.

Fig 6. Time-course of ty;eax during moderate (A) and intense (B) stimulation protocols
in HbAA (white), HbAS (grey) and HbSS (black) mice.

Values are presented as mean = SD. 10 HbAA (19.0 £ 0.7 weeks old), 10 HbAS (18.7 £ 0.6
weeks old) and 10 HbSS (18.3 + 0.5 weeks old) male mice were studied.

Fig 7. MHC isoforms distribution in HbAA (white), HbAS (grey) and HbSS (black) mice
(A) and typical electrophoretic separation of gastrocnemius muscle MHC isoforms

(B).

Values are presented as mean + SD. n = 6.
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Table 1. Anatomical parameters

HbAA HbAS HbSS
Body weight (g) 32.4+£3.2 31.9+34 31226
Posterior hindlimb muscles weight (mg) 150 + 14 150+ 15 16620
Anterior hindlimb muscles weight (mg) 57+8 56 £ 6 58+6
Posterior hindlimb muscles volume (mm?®) 154 + 10 154+12 160%20

Data are presented as mean = SD. Posterior hindlimb muscles weight corresponds to the
sum of soleus, plantaris and gastrocnemius muscles weights. Anterior hindlimb muscles
weight corresponds to the sum of tibialis anterior and extensor digitorum longus muscles
weights. 10 HbAA (19.0 £ 0.7 weeks old), 10 HbAS (18.7 £+ 0.6 weeks old) and 10 HbSS
(18.3 + 0.5 weeks old) male mice were studied.
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Table 2. Force parameters at the onset of the stimulation protocols (measured on the
first twitch of both protocols).

HbAA HbAS HbSS
Pf (MN.g™?) 421 + 119 318 + 73% 268 + 67+
FTI (mN.s.g™) 48 + 17 35+ 11% 32+ 8%
RFDinitia (MN.S™) 915 + 289 641 + 275* 706 + 257*
RFDinay (MN.57Y) 1621 + 439 1263 +303* 1243 + 300*
t1/2 relax (MS) 40+ 4 44 + 3% 44 + 4*

Data are presented as mean + SD. Pf: peak force, FTI: force-time integral, RFD;nia: initial
rate of force development, RFDn,: maximal rate of force development, ti/; relax: half-time of
force relaxation. *, ** and ***: significantly different from HbAA mice (p < 0.05, p<0.01 and p
< 0.001, respectively). 10 HbAA (19.0 + 0.7 weeks old), 10 HbAS (18.7 £ 0.6 weeks old) and
10 HbSS (18.3 £ 0.5 weeks old) male mice were studied.
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Table 3. Changes in force parameters during moderate and intense stimulation
protocols

HbAA HbAS HbSS

Moderate protocol

Fatigue index (%) -18+ 17 -18+ 18 -21+15
FTI change (%) -35+ 18 -32+19 -28+ 13
RFDiniiat Change (%) 36 +18 34 +32 12 +19
RFDax change (%) 7+13 4+17 -4 +16
t1/2 relax Change (%) 10+ 7 12+7 -8+11

Intense protocol

Fatigue index (%) 69+ 6 73+5 78 + 5 T
Staircase index (%) 53 +17 65 + 23 37141
FTI change (%) 53+ 13 -56 + 8 -70 + g 1t
RFDiniia Change (%) -23+12 -20 £ 23 47 + 13+ 1T
RFDmax change (%) -52+8 -54 + 10 70 # grxx T1T
t1/2 relax Change (%) 26 £13 22+19 12 +20

Data are presented as mean = SD. RFD;i5: initial rate of force development, RFD
maximal rate of force development, ti reax: half-time of force relaxation. ** and ***:
significantly different from HbAA mice (p < 0.01 and p < 0.001, respectively). ": tends to be
different from HbAA mice (0.05 < p < 0.1). T, ™ and ™*: significantly different from HbAS mice
(p <0.05, p<0.01 and p < 0.001, respectively). 10 HbAA (19.0 + 0.7 weeks old), 10 HbAS
(18.7 + 0.6 weeks old) and 10 HbSS (18.3 + 0.5 weeks old) male mice were studied.
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Figure 1
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Figure 2
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Figure 4

Moderate protocol
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Figure 5
Moderate protocol
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Figure 6
Moderate protocol
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Figure 7
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