
RESEARCH ARTICLE

The functional role of the rabbit digastric muscle during
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ABSTRACT
Muscle spindle abundance is highly variable in vertebrates, but the
functional determinants of this variation are unclear. Recent work has
shown that human leg muscles with the lowest abundance of muscle
spindles primarily function to lengthen and absorb energy, while
muscles with a greater spindle abundance perform active-stretch–
shorten cycles with no net work, suggesting that muscle spindle
abundance may be underpinned by muscle function. Compared with
other mammalian muscles, the digastric muscle contains the lowest
abundance of muscle spindles and, therefore, might be expected to
generate substantial negative work. However, it is widely hypothesised
that as a jaw-opener (anatomically) the digastric muscle would
primarily function to depress the jaw, and consequently do positive
work. Through a combination of X-ray reconstruction of moving
morphology (XROMM), electromyography and fluoromicrometry, we
characterised the 3D kinematics of the jaw and digastric muscle during
feeding in rabbits. Subsequently, the work loop technique was used to
simulate in vivo muscle behaviour in situ, enabling muscle force to be
quantified in relation to muscle strain and hence determine the
muscle’s function during mastication. When functioning on either the
working or balancing side, the digastric muscle generates a large
amount of positive work during jaw opening, and a large amount of
negative work during jaw closing, on average producing a relatively
small amount of net negative work. Our data therefore further support
the hypothesis that muscle spindle abundance is linked to muscle
function; specifically, muscles that absorb a relatively large amount of
negative work have a low spindle abundance.

KEYWORDS: Muscle spindle, Muscle function, Proprioceptor, Work
loop, XROMM

INTRODUCTION
Skeletal muscle is functionally diverse, with its primary function
often thought to be to generate force and drive movement. However,
skeletal muscle also functions as a sensory organ, able to detect the

position and modulate the posture of its associated body segment.
Skeletal muscles comprise two unique sensory apparatus: the
muscle spindle and golgi tendon organs (GTOs). Muscle spindles
are intrafusal proprioceptive fibres contained within muscle
fascicles, whose firing rate responds to changes in muscle length
and force production (Blum et al., 2020, 2017), whereas GTOs are
sensory fibres located in the muscle tendon and respond primarily to
changes in force (Houk and Simon, 1967). The relative abundance
of these two peripherally located sensory apparatus differ across
skeletal muscle, and to date little is known about the physiological
or functional determinants of this variation. Recent work modelling
human walking has suggested that muscle spindle abundance may
be underpinned by how a muscle functions (Kissane et al., 2022).
Specifically, in the leg muscles of humans during walking, those
muscles with the lowest abundance of muscle spindles primarily
actively lengthen and absorb energy, while those with the greatest
abundance of muscle spindles primarily function as springs (i.e.
perform active-stretch–shorten cycles with no net work).

Compared with other muscles, the digastric muscle of mammals,
including humans (Fig. S1) (Banks, 2006; Kissane et al., 2023),
rabbits (Muhl and Kotov, 1988) and rats (Lennartsson, 1980),
contains the lowest abundance of muscle spindles across the entire
body (Figs S1 and S2) (Banks, 2006; Kissane et al., 2023), withMuhl
andKotov (1988) finding that 18 out of a sample of 19 rabbit digastric
muscles had no muscle spindles. This low abundance of muscle
spindles may be indicative of a muscle whose primary function is to
act with a brake-like function, serving to dissipate energy (Kissane
et al., 2022). However, it has been widely hypothesised that the
digastric muscle is principally a jaw opening muscle (Meng et al.,
1999; Widmalm et al., 1988), a role that would require the muscle to
generate positive mechanical work to depress the jaw. In direct
contrast to the digastric muscle, the temporalis muscle, a jaw closer,
contains one of the highest abundances (Banks, 2006; Kissane et al.,
2023) of muscle spindles (Fig. S1). Therefore, the masticatory system
offers a unique opportunity to unpick the dynamic functional
behaviour that may underpin muscle spindle abundance.

The digastric muscle of the rabbit is anatomically divergent from
many other mammalian digastric muscles (origin – jugular process
of the occipital bone; insertion – anterior ventral portion of the
mandible), with its single anterior belly (Muhl et al., 1978;
Tsuruyama et al., 2002) contrasting that of humans (Michna,
1989), white-tailed deer, foxes, moonrats (Turnbull, 1970),
monkeys (Orsbon et al., 2018) and rats (Ciena et al., 2012) in
which the muscle comprises both an anterior and an additional
posterior belly. Despite these anatomical differences, the rabbit
digastric muscle exhibits similar electromyography (EMG)
activation timing relative to the chewing cycle to that in humans
(Widmalm et al., 1988) and provides a viable model to explore the
potential functional determinants of such a low muscle spindle
abundance. There is a general lack of understanding of whole-Received 2 July 2024; Accepted 24 August 2024
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muscle mechanics across muscles of the masticatory system, in part
because of the difficulty in instrumenting and recording in vivo
and in situ function. To date, muscle activity has been recorded
(through EMG) during feeding in rabbits (Dantuma and Weijs,
1980) when operating on both the working and balancing sides, but
comparable data do not exist for fibre strain during feeding. The sole
attempt to record muscle strain in the rabbit digastric muscle by
Muhl and Newton (1982) failed to account for feeding behaviour
(i.e. working or balancing side function) and consequently their
singular description of digastric muscle strain is likely to be an
average of both working and balancing behaviours. Thus, no
combined recording of activity and muscle strain exists, hence the
mechanical function of this muscle is unknown. Therefore, in this
study, we set out to quantify digastric muscle anatomy and function
during feeding, and investigate how these relate to muscle spindle
abundance.
It had long been thought that a small size and the presence of a

relatively higher density of muscle spindles were indicative of a
muscle whose function was important in fine motor control, and that
muscles with longer fibres and small physiological cross-sectional
area (PCSA) might function as kinesiological monitors (Barker,
1974; Peck et al., 1984; Xie et al., 2012) and consequently require a
great abundance of muscle spindles. Therefore, we investigated
whether muscles with greater muscle spindle abundance (e.g.
medial pterygoid, superficial masseter and temporalis; Fig. S1) are
architecturally aligned to function as displacement specialists (i.e.
those with long muscle fibres and small PCSA), and to see how the
digastric muscle with its low spindle abundance is situated among
these muscles. It was hypothesised (hypothesis 1) that muscles
architecturally optimised to function as displacement specialists
would have the greatest muscle spindle abundance. We utilised
morphospace scatterplots to present the relationship between PCSA
and fibre length (Bates and Schachner, 2012; Payne et al., 2005;
Wickiewicz et al., 1983) across masticatory muscles from both
humans and rabbits to characterise their architectural specialisation.
Our second hypothesis (hypothesis 2) was that the digastric muscle
will primarily generate positive work while opening the jaw.
However, with its low spindle abundance, the digastric muscle
may also absorb energy and do a substantial amount of negative
work during jaw closing, as hypothesised by Kissane et al. (2022).
To test this hypothesis we used biplanar videography and X-ray
reconstruction of moving morphology (XROMM) (Brainerd et al.,
2010) to track the kinematics of the skull and mandible during
feeding, as well as muscle strain trajectories (Camp et al., 2016),
while simultaneously recording muscle activity using EMG. These
data were used to simulate muscle function during mastication when
operating on the balancing or working side, by replaying the muscle
length trajectory and muscle activity pattern in situ using the work
loop technique (Josephson, 1985). We showed that the digastric
muscle when performing either working or balancing side function
generates both positive and negative work during the mastication
cycle, but overall generates net negative work, with the balancing
side performing more net negative work than the working side.
These data show that, contrary to expectation, muscles with a greater
spindle abundance are not anatomically aligned with those
morphologically specialised for displacement, while the digastric
muscle is, despite possessing the fewest muscle spindles. Finally,
our data partially support the hypothesis that muscle spindle
abundance is linked to muscle function (Kissane et al., 2022, 2023):
that is, low abundance is associated with muscles which actively
lengthen and absorb energy, while it may not be their primary
function.

MATERIALS AND METHODS
All experimental procedures were performed in accordance with the
UK Animal (Scientific Procedures) Act (1986) and approved by the
Universities of Liverpool (PPL: P84984FFD) and Leeds (PPL:
PA1BA29DF) Animal Welfare and Ethical Review Committees.
This work conforms to the ethical requirements outlined by the
journal, and is presented in accordance with the guidelines for
animal work (Percie du Sert et al., 2020).

Animals
A total of 10 New Zealand white rabbits (Envigo) (body mass
2577±181 g) were used in this study (see Figs S3 and S4 for specific
animal details and experimental procedures). Animals were housed
under a 12 h:12 h light:dark cycle at 21°C and had ad libitum access
to food and water.

Surgical procedures
Three rabbits underwent recovery surgery, conducted under aseptic
conditions and under general anaesthesia. Briefly, these rabbits
were premedicated with 0.35 mg kg−1 Medetomidine (Domitor)
and 15 mg kg−1 ketamine (Ketaset) i.m. and intubated with a V-Gel
(Docsinnovent) to maintain anaesthesia with 1–3% isoflurane
(2 l min−1 O2 flow). Incisions were made at the back of the neck,
across the skull and lower jaw. Three holes were drilled across the
frontal and nasal bone of the skull for 1 mm tantalum beads
(X-medics) to be placed and glued (Vetbond, 3M) (Fig. S3). A further
three holes were drilled in the mandible diastema (across both the left
and right hemimandibles) for the implantation of 1 mm tantalum
beads (X-medics) and secured in placewith tissue adhesive (Vetbond,
3M) (Fig. S3). EMG electrodes were tunnelled from the incision on
the neck through to the mandible incision. The digastric muscle was
exposed and cleared of overlying fascia, and a pair of 1 mm tantalum
beads (∼6 mm apart) was implanted along a single fascicle. An
offset, bipolar stainless-steel EMG electrode was then implanted into
the mid-belly using a 25 gauge needle. All skin incisions were closed
using 4-0 silk suture (Ethicon/Johnson & Johnson Medical, New
Brunswick, NJ, USA). Animals received s.c. injections of analgesic
(0.05 mg kg−1 buprenorphine; Buprevet®), anti-inflammatories
(0.5 mg kg−1 Meloxicam, Metacam) and antibiotic (10 mg kg−1,
5% enrofloxacin; Baytril®) immediately after surgery, repeated daily
for 3 days post-surgery. These three rabbits were subsequently used in
the in vivo XROMM experiments.

XROMM and digastric muscle strain and activity
Rabbits were placed in a Perspex box (31 cm×52 cm×31 cm) during
experimentation. Biplanar X-ray videography was completed using
X-ray machines (Imaging Systems and Service, 60–70 kV, 32 mA)
and recorded on two Phantom cameras (M120, Vision Research) at
1024×1024 resolution, captured at 250 Hz with shutter speed of
1/1500 during feeding on pellets (RABMA, Special Diet Services).
Tantalum beads in the digastric muscle, skull and mandible were
tracked in XMALab v1.5.4 (Knörlein et al., 2016) with those in the
skull and mandible tracked as rigid bodies following the XROMM
workflow (Knörlein et al., 2016). All rigid body translations/rotations
and inter-marker distances from XMA lab were filtered using a low-
pass Butterworth filter with 25 Hz cutoff frequency and exported.
The joint coordinate system used here (Fig. 1A) followed previously
validated conventions (Menegaz et al., 2015). Briefly, in Autodesk
Maya (2019, Autodesk Inc., San Rafael, CA, USA) a neutral position
XYZ coordinate system was set using the freely available MayaTools
toolbox (https://bitbucket.org/xromm/xromm_mayatools), with the
z-axis passing through the left and right most medial points of the
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mandibular condyles, the x-axis parallel to the occlusal plane, and the
y-axis perpendicular to the intersect of the z- and x-axis (Fig. 1A). A
total of 50 (25 working side, 25 balancing side) cycles of mastication
were analysed for each of the three rabbits (n=150 total). Beads in the
digastric muscle (Fig. 1B,C) were used to track fibre strain (Camp
et al., 2016). Strain was calculated by exporting inter-bead distances
from XMALab, minus resting length, and dividing this by resting
inter-bead length, taken during an extended period of jaw occlusion,
where no EMG activity was recorded. The precision of XROMM
marker tracking was calculated as the standard deviation of the mean
distance between a pair of markers within the skull and mandible
(Brainerd et al., 2010; Menegaz et al., 2015). Precision values for 60
pairwise inter-marker distances measured across the three rabbits
resulted in a study precision of 0.051 mm. The mean experimental
tracking precision for the skull was 0.047 mm while that for the
mandible was 0.054 mm. Rabbits possess a partly fused mandibular
symphysis (Kraatz et al., 2021), and the use of beads implanted across
the two hemimandibles to generate a single rigid body for kinematics
may provide a potential source of error (Fig. S3). Here, the mean
precision of beads placed in a single hemimandible was 0.040 mm
while beads that spanned both sides of the mandible had a mean
precision error of 0.059. Inter-marker distance of a pair of beads that
span the two hemimandibles was plotted against jaw rotations across
30masticatory cycles (Fig. S3) and suggested there to be no pattern of
meaningful movement between the two hemimandibles. Therefore,
these data suggest the mandible symphysis does not undergo any
meaningful/detectable flexion, and subsequently that our approach

assuming the mandible is a single fixed-function unit appears
appropriate for the current study goals.

EMG was recorded via an externalised connector on the back of
the rabbit’s neck with EMGs amplified (DAM50, ADInstruments),
filtered (high pass 0.1 Hz and low pass 10 kHz) and recorded at
10 kHz using a data acquisition system (PowerLab, ADInstruments)
via Labchart 8 software (ADInstruments). A square wave output
signal from the Phantom Camera Controller (PCC v2.5) was used to
synchronise kinematic datawith EMG. The filtered EMG signal was
rectified and a 30 Hz low pass filter was applied to create an activity
envelope of relative activity (Fig. 2). The recruitment intensity was
determined as the ratio of the integrated EMG relative to the
working side, i.e. working side (100% recruitment; Fig. 2C) and
balancing side (47% recruitment; Fig. 2D). The timings (onset and
offset) of muscle activity relative to the strain trajectory were
identified when voltages exceeded a threshold of two standard
deviations of the baseline EMG signal (Roberts and Gabaldón,
2008). Following successful XROMM and EMG recordings,
rabbits were euthanised with an overdose of pentobarbital.

In situ muscle physiology
Muscle mechanics were measured in a second group of rabbits (n=4)
using the EMG and muscle strain data collected and analysed from
the previous in vivo experiments. These rabbits were anaesthetised
with a s.c. injection of ketamine (Ketavet, Zoetis; 50 mg kg−1)
and xylazine (Rompun, Bayer; 5 mg kg−1). Following confirmation
of anaesthetic plane, an i.v. canula was implanted into the
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posterior facial vein to maintain sedation with ketamine and
xylazine throughout the experiment. The digastric muscle was
exposed via an incision running the length of the dorsal aspect of the
jaw. A 3 mm hole was drilled through the mandible and a custom 3D
printed frame was secured to the bone using 2.5 mm stainless steel
screws. The frame was secured to a custom rig mounted on a
micromanipulator, which enabled the mandible (and proximal end of
the digastric muscle) to be moved relative to the ergometer along the
line of action of the muscle. The distal end of the muscle was sutured
to a stainless steel hoop with silk suture (3-0, LOOK Braided suture)
and attached to the arm of an ergometer (305B-LR, Aurora Scientific
Inc.) via a stainless steel rod. Platinum wires (0.4 mm diameter) were
implanted parallel to the muscle fibres using a 25 gauge needle
and sutured into place (Kissane and Askew, 2024), and generated
isometric tetanic forces comparable to those obtained via nerve
cuff stimulation (Anapol et al., 1987; Muhl et al., 1978) (Fig. S4).
The rabbit’s body temperature was maintained at 37°C (Animal
Temperature Controller 2000, WPI) and the muscle was regularly
irrigated with warmed (37°C) saline. Following completion of the
experiment, the rabbit was humanely euthanised with an overdose of
pentobarbital.

Muscle work loop experiments
The digastric muscle was subjected to a series of supramaximal
isometric twitches (0.2 ms pulse) and muscle length was
incrementally increased by 1 mm to find the length at which
twitch force was maximal (defined as L0). Without direct measures
of in vivo whole digastric muscle length change, it is difficult to
directly relate muscle resting length with the optimum muscle
length. Lengthening a muscle on the descending limb of the length–
force relationship can give rise to instability (due to longer, weaker
sarcomeres being susceptible to further lengthening, rendering them
even weaker; Morgan, 1990) and is unlikely to be physiological.
Therefore, cyclical length changes were imposed on the muscle
such that the maximum length attained was on the plateau of the
length–force relationship, and muscle operated on the ascending
limb and plateau of the length–force relationship (Fig. S5).

The work loop technique (Josephson, 1985) was used to
quantify the instantaneous power output of the digastric muscle
by subjecting the muscle to the strain trajectory recorded in vivo
relative to L0 (Fig. 2A,B). Traditionally, supramaximal, square
wave muscle activation has been used to activate muscles during
work loop protocols (Askew andMarsh, 1997, 2001). However, with
modification to the Aurora Scientific stimulator (model 701C, Aurora
Scientific Inc.), it is possible to deliver time varied voltage/current
outputs that replicate EMG activation patterns (Bukovec et al., 2020).
Here, we utilised this modified approach to replay muscle recruitment
patterns of the digastric muscle that better reflect in vivo levels
of recruitment and, therefore, function (Fig. 2C,D) (Charles et al.,
2024). Using an incremental current–recruitment curve of isometric
twitches, we determined the current required to maximally activate
the digastric muscle, and the minimum current required to evoke a
force response. The corresponding sigmoidal current–recruitment
curve was used to determine levels of current required to maximally
activate the muscle (working side=100% activation; Fig. 2C), and the
subsequent recruitment levels associated with the balancing side
EMG (47%; Fig. 2D). The aforementioned envelope of relative
activity determined from the analysis of the EMG signal served to
control the current delivered to the muscle in order to match the
recruitment intensity in vivo. Muscles were subjected to 5 repeated
cycles that simulated (0.2 ms pulse width, 200 Hz) the in vivo strain
trajectory, with an initial passive work loop followed by four active
work loops (stimuli delivered at 200 Hz, the fusion frequency of the
muscle during an isometric tetanus). Muscles were subjected to the
two different work loop conditions (i.e. working side recruitment and
balancing side recruitment), which were presented to the muscle in a
randomised order.

Digastric muscle architecture
The architecture of the digastric muscle was measured in four
rabbits. Firstly, muscle fibre pennation angle was measured relative
to the line of action of the muscle in vivo. Subsequently, the digastric
muscles were dissected free, weighed, and then fixed in 4%
neutrally buffered formalin for 24 h at approximately resting muscle
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length. Following fixation, muscles were bathed in 30% nitric acid
to free muscle fibres from their connective tissue. Digestion was
ceased by transferring the fibre bundles into a 50:50 glycerol:dH2O
solution. Twenty fibres were measured from each muscle and mean
muscle fibre length was determined relative to resting muscle
length. PCSA (mm2) was calculated for the digastric muscle as
described in Eqn 1:

PCSA ¼ Mm � cosu

Lf � r
; ð1Þ

where Mm is muscle mass (in g), cosθ is the pennation angle of
the muscle fibres relative to the line of action of the muscle, Lf is
muscle fibre length (in mm) and ρ is muscle density (0.001056 g
mm3) (Charles et al., 2022; Martin et al., 2020; Mendez et al.,
1960). We utilised morphospace scatterplots to present the
relationship between PCSA and fibre length (Allen et al., 2010;
Bates and Schachner, 2012; Charles et al., 2022; Kissane et al.,
2022, 2023; Schachner et al., 2024) to compare the digastric muscle
architecture with that of the major jaw closing muscles taken from
Watson et al. (2014). Muscles with relatively long fibre lengths and
low PCSA were classed as ‘displacement specialised’, those with
relatively short fibre lengths and high PCSA as ‘force specialised’,
and those with relatively long fibre lengths and high PCSA as
‘power specialised’ (Allen et al., 2010; Charles et al., 2022; Kissane
et al., 2022, 2023).

Statistics
Statistical differences in muscle length trajectory were quantified
using one-dimensional statistical parametric mapping (1D SPM)
(Pataky, 2012) in Matlab (R2018a, MathWorks). All remaining
statistics were completed using SPSS 28 (28.0.1.1, IBM). EMG
timings, muscle power, and positive and negative work between
working and balancing side function were compared using an
independent t-test, with the threshold for statistical significance set
to P<0.05. All data processing and figures were plotted using Igor
Pro 8 (v8.0.4.2, Wavemetrics) and are presented as means±s.d.

RESULTS
The functional anatomy of the digastric muscle
Jaw muscle architecture was collated for humans (Kissane et al.,
2023; Van Eijden et al., 1997) and rabbits (Watson et al., 2014).

In humans, the functional morphospace plot (Fig. 3A) shows that
across all jaw musculature, the digastric muscle is the most
architecturally optimised to function as a displacement specialist,
with a relatively low PCSA (1.16±0.3 cm2) and relatively longmean
fibre length (41.8±5.3 mm). In the rabbit, the mean digastric muscle
fibre length was 11.59±0.83 mm (Fig. 3B) relative to the whole
muscle length of 34.75±1.17 mm, equating to an average fibre to
muscle length ratio of 0.33. The digastric muscle fibres have a
pennation angle of 9.81±1.52 deg relative to the line of action
of the muscle; consequently, the calculated muscle PCSA was
0.556±0.067 cm2. Similar to humans, the morphospace plots of
PCSA and fibre length for the rabbit suggest that the digastric
muscle is, architecturally, a displacement specialist compared with
the major jaw closing muscles (Fig. 3B). These data across the
masticatory system of rabbits and humans do not support the
hypothesis that muscles optimised for displacement function
possess a higher spindle abundance (Fig. S6; hypothesis 1).

In vivo muscle length trajectory and activity patterns of the
digastric muscle during feeding
Masticatory cycle kinematic data are presented as a normalised
cycle (0–100%) where 0% corresponds to peak gape, progressing
through jaw closing, occlusion and back to reopening, with
100% corresponding with maximum gape (Bramble and Wake,
1985; Orsbon et al., 2020). The masticatory cycle of mammals is
commonly broken down into four constituent phases (Fig. 4). First
a fast closing phase where the food bolus is prepared and placed
into position ready for the forceful biting. This is followed by the
slow closing phase (or power stroke), which involves crushing of the
food bolus. Following complete occlusion, the jaw then undergoes
a slow opening phase and finally a fast opening phase. During
pellet feeding in the rabbits, the four phases occurred during the
time-normalised masticatory cycle as: fast closing 0–18.66%, slow
closing 18.66–60.51%, slow opening 60.51–68.84% and fast
opening 68.84–100% (Fig. 4). The digastric muscle was active
throughout slow and fast opening of the jaw, and parts of fast closing
(Fig. 4). The digastric muscle presents with significantly distinct
muscle length trajectories when functioning on the working side
compared with the balancing (1D SPM, significantly different
portions of the masticatory cycle: 0–45.5%, 53–82.5%, P<0.001;
Fig. 4C). Accordingly, the digastric muscle when undergoing
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balancing side length trajectories has a strain of 23±5% while the
working side has a strain of 32±8%.

Muscle EMG onset relative to the masticatory cycle (maximum
gape to maximum gape) did not significantly differ between
the working and balancing side functions (61.09±3.65% gape
cycle versus 62.08±8.65% gape cycle, t92=−0.724, P=0.471;
Fig. 4D,E). However, the relative EMG offset was dependent
on whether the muscle was functioning on the working side or
balancing side (10.99±1.86% gape cycle versus 1.45±2.23% gape
cycle, t92=22.551, P<0.001; Fig. 4D,E). The working side
activation coincided with lateral displacement of the jaw during
feeding (Fig. 4B,D,E).

The mechanical properties of the digastric muscle during
isometric and simulated in vivo contractions
The digastricmuscle had an isometric twitch rise time of 36.25±0.6 ms
and a twitch half-relaxation time of 31.0±0.3 ms. When fully
tetanised, the digastric muscle generated 132.9±15.1 kN m−2 of
isometric stress at L0. The twitch to tetanus ratio for the digastric
muscle was 0.43±0.08. Replayed muscle length trajectories and
activity patterns onto the digastric muscle generated distinct force and
power profiles for the balancing andworking side kinematics (Fig. 5).
The digastric muscle was actively shortened during jaw opening
and generated force and positive power during this phase of the
mastication cycle when operating on both the working and balancing
side (Figs 4 and 5). Muscle recruitment was 53% higher when the
muscle operated on the working side (Fig. 4), resulting in higher
forces and greater work generation, compared with when the muscle
operated on the balancing side (Fig. 5). Muscle activity continued
into the fast closing phase of the mastication cycle whilst the digastric
muscle undergoes rapid lengthening, resulting in a large peak in
force and a corresponding large, negative instantaneous power;
force decreased following cessation of muscle activity during
the slow closing phase of the mastication cycle, with minimal
power generation (Fig. 5). Muscle work loops (Fig. 6A) highlight the
relatively high positive work generated in the initial shortening
phase of the cycle (anti-clockwise work loop) followed by the
large negative work (predominantly clockwise work loop) as the
muscle was stretched; similar work loop trajectories were found
when the digastric muscle operated on both the working and
balancing side. Over the mastication cycle, the muscle generated
similar amounts of negative (−10,027±7325 mJ kg−1 versus
−8166±2258 mJ kg−1, t6=−0.485, P=0.322; Fig. 6B) and positive
work (9124±4174 mJ kg−1 versus 4030±1633 mJ kg−1, t6=2.273,
P=0.063; Fig. 6B) when operating on both theworking and balancing
side. Interestingly, the magnitude of positive and negative work
did not differ for the working side (9124±4175 mJ kg−1 versus
10,027±7325 mJ kg−1, t6=−0.214, P=0.419), but were significantly
different for the balancing side (4030±1633 mJ kg−1 versus
8166±2258 mJ kg−1, t6=−2.968, P=0.013), respectively. This
resulted in comparable levels of net work when operating on
the working and balancing side (−903±3405 mJ kg−1 versus
−4136±3478 mJ kg−1, t6=1.329, P=0.232). Consequently net
muscle power was negative, and not significantly different, during
the two modes of action (t6=1.295, P=0.122; Fig. 6C), when
functioning as a working (−3.04±12.51 W kg−1) or balancing
(−14.45±12.43 W kg−1) side muscle.

DISCUSSION
The neuromuscular innervation (Tsuruyama et al., 2002), phenotype
(Korfage et al., 2006) and temporal activation (Tsuruyama et al., 2002)
of the rabbit digastric muscle have been relatively well characterised
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in the literature. However, limitedmuscle mechanics data exist for the
rabbit digastric muscle, with only the force–length (Muhl et al., 1978)
and force–velocity relationship (Anapol et al., 1987) having been
characterised in the whole muscle–tendon unit. The muscle length
trajectory and force generation during feeding, and consequently
the muscle’s mechanical function, have never been characterised.

Here, we used a modified work loop approach (Josephson, 1985) to
replay representative patterns of in vivo muscle length change and
recruitment (Bukovec et al., 2020; Charles et al., 2024) to investigate
the mechanical function of the digastric muscle during feeding. We
show that the digastric muscle architecture is consistent with it
operating as a displacement specialist and does not support our first
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hypothesis that muscles optimised to undergo large length excursions
require greater muscle spindle abundance (Barker, 1974; Peck
et al., 1984). Additionally, we have shown that the digastric muscle
undergoes distinct patterns of muscle activity and length trajectories
depending on whether the muscle is operating on the working or on
the balancing side during feeding, which correspond with distinct
force and instantaneous power profiles. Fundamentally, these data
add further support to our second hypothesis, suggesting that a low
muscle spindle abundance is associated with muscles that generate
negative work. Here, we show that the digastric muscle functions
predominantly as an energy absorber (the muscle generates net
negative work) during jaw closing, while the muscle also generates
relatively high positive work during jaw opening.
The muscle architecture and morphospace plots show the

digastric muscle has the longest fibres and the smallest PCSA of
all the jaw musculature across both humans and rabbits and suggest
that the digastric muscle is architecturally optimised to undergo
large length excursions (Charles et al., 2022). Supporting this
prediction based on muscle architecture, our in vivo recordings of
muscle length show that the digastric muscle undergoes relatively
large strains when operating on both the working (32%) and
balancing (23.4%) sides during feeding. These peak-to-peak strains
are larger than many recorded in vertebrate muscles involved in
walking [∼25% in the gastrocnemius muscle of goats (Lee et al.,
2013) and ∼20% in the medial gastrocnemius muscle and ∼8% in
the soleus and plantaris muscles of the rat (Hodson-Tole and
Wakeling, 2010)], swimming [15% in the red muscle of scup
(Coughlin et al., 1996) and 20% in the superficial white muscle of
carp (Wakeling and Johnston, 1999)] and flight [21–23% in the
quail pectoralis muscle (Askew and Marsh, 2001), on average 19%
in the pigeon pectoralis muscle (Biewener et al., 1998), and 29% in
the pectoralis muscle of the mallard (Williamson et al., 2001)].
Here, we provide some of the first masticatory muscle strain data
records, with only architectural gear ratios having been reported
previously in the temporalis of the capuchin (Laird et al., 2020). These
data highlight that, contrary to previously held beliefs (Barker, 1974;
Peck et al., 1984), muscles with greater muscle spindle abundance
(e.g. superficial masseter, medial pterygoid and temporalis muscles)
are not anatomically optimised to function as displacement specialists.
When operating on the working side, the digastric muscle was

active predominantly during shortening, resulting in force generation
during both the slow- and fast-opening phase of the masticatory

cycle, generating positive work and instantaneous power to open the
jaw. On the balancing side, the muscle underwent comparable
shortening velocity but over a shorter amplitude (Fig. 5E) and with
a lower EMG recruitment. Consequently, our in situ preparation
predicts the digastric muscle when functioning on the working side
generates greater force, instantaneous power and positive work during
jaw opening than that of the balancing side. The activity of the
digastric muscle continues into jaw closing, with the highest forces
being generated during this phase of the masticatory cycle. Thus,
the digastric muscle appears to oppose the jaw closing forces of
the masseter muscles, and simultaneously functions to stabilize the
jaw during the rotational yaw of the mandible, against the pterygoid
(Dantuma and Weijs, 1980; Weijs and Muhl, 1987). The role in jaw
stabilisation appears to be important when the muscle operates on
either the working or balancing side, given that the magnitude of
the energy absorbed is similar. Previous recordings in rabbits
have largely focused on the vertical displacement of the jaw, and
subsequently ignored jaw yaw (i.e. medial lateral rotations). These
previous studies have shown the digastric muscle to be active during
jaw opening (Lund and Rossignol, 1981; Tsuruyama et al., 2002),
with some suggestion of activity into the fast closing phase (Schwartz
et al., 1989). Data from Schwartz and colleagues (1989) qualitatively
suggest that the digastric muscle is active into parts of jaw closing, and
potentially involved in lateral displacement of the jaw; however, this is
not explicitly quantified and, based on EMG activity alone, not force.

As a whole muscle–tendon unit, it has been shown that the rabbit
digastric tendon may not undergo length change during feeding
(Muhl and Newton, 1982), though the authors of that study
acknowledge that the sensitivity of the approach used to collect
these data may be inadequate, and further work is needed to confirm
this. However, at present, the tendon appears to function as a stiff
linkage between the muscle and the skeleton that serves simply to
transmit the forces developed by the muscle, providing much better
control of jaw position than if the tendon was more compliant. Our
data here provide a qualitative insight into the dynamic role of the
digastric muscle during feeding (Ahn and Full, 2002). The digastric
muscle has a relatively small pennation angle at resting length
(approximately 10 deg). Under passive lengthening of the digastric
muscle,Muhl (1982) showed that the pennation anglemay increase to
up to 27 deg in the posterior fibres and 20 deg in the anterior fibres. To
date, no comprehensive assessment of muscle gearing has been
undertaken in the digastric muscle during active feeding, in part
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because of the complex nature of those experiments (Ross et al.,
2024). It is therefore not known to what extent (if any) muscle
pennation may be changing under active cyclical loading in this
muscle. Here, we have measured muscle fascicle length change to
replay in situ, assuming a comparable level of muscle gearing is
taking place in our in situ experiments to that in vivo. There is
evidence to suggest that changes in pennation angle during active
cyclical contractions may have a negligible contribution to the
force dynamics of a muscle (Lieber, 2022). Therefore, our data on
the proportions of positive and negative net work for the digastric
muscle are probably closely representative of how the digastric
muscle functions during mastication.
The digastric muscle is interchangeably grouped with either the

jaw musculature (Banks, 2006) for its primary function as a jaw
opener or the hyoid muscles (Mayerl et al., 2021a) as it also functions
during swallowing. Interestingly, there is a strong relationship
between functional groups of muscles and their composition of
muscle spindles (Banks, 2006; Kissane et al., 2023). Muscles of the
jaw (e.g. temporalis, masseter and pterygoid muscles) have some of
the greatest muscle spindle abundance across the body, while the
hyoid musculature (e.g. stylohyoideus, geniohyoideus, thyrohyoid
and sternohyoid) has the lowest abundance (Banks, 2006; Kissane
et al., 2023). We have recently suggested that muscle spindle
abundance is linked to muscle function in vivo, with muscles
containing a greater abundance of spindles primarily functioning as
springs (i.e. performing active-stretch–shorten cycles with no net
work), and those with less abundance functioning to absorb
energy (i.e. producing negative work; Kissane et al., 2022, 2023).
The initial activation of the digastric muscle corresponds with the
initiation of the slow opening phase, and subsequently the large
portion of muscle shortening. This means that during jaw opening the
digastric muscle functions as a motor, generating positive work.
However, the maintenance of activation into jaw closing as the
muscle is lengthening results in large amounts of negative work, and
the muscle additionally functioning to absorb energy. Despite
generating similar amounts of positive and negative work, the
muscle is unlikely to operate as a spring as the generation of positive
work is preceded by a period when the muscle is inactive and
generates no force. Our data here in the rabbit partially support our
second hypothesis, with the digastric muscle generating negative
work to stabilise the mandible during jaw closing, while the muscle
also generates a significant proportion of positive work during jaw
opening. Data from the pig hyoid musculature show the geniohyoid,
thyrohyoid and omohyoid muscles are similarly active during
lengthening (Mayerl et al., 2021a,b), which could suggest they do
large amounts of negative work, but as has been shown in the rabbit
digastric muscle, the temporal delay in force generation relative to
muscle activity makes it likely that these muscles also generate both
negative and positive work. Inferring function from presumed timing
of force generation based on recruitment, as opposed to measuring
forces (as we report in the rabbit digastric muscle), is beset with
uncertainty given that the electromechanical delay for relaxation is
variable (Roberts and Gabaldon, 2008). The masticatory system
offers a unique opportunity to explore the dynamic behaviour of
muscles contained within the same function group (Ahn and Full,
2002), in addition to the potential functional underpinning of muscle
spindle abundance.
Our data provide a unique insight into the possible mechanical

function of the digastric muscle during feeding in the rabbit. We
have shown that the muscle undergoes distinct length trajectories
when feeding, and that it is capable of dynamically modifying
activation patterns to modulate force production when functioning

on either the working or balancing side of the jaw. These data
emphasise the versatility of muscle function within a single muscle
and highlight the uniqueness of mechanical function within the
masticatory system. Critically, we provide some support to the
hypothesis that muscle spindle abundance is underpinned bymuscle
function. Finally, these direct measures of muscle mechanical
performance may be used to validate musculoskeletal models of
mastication (Watson et al., 2014), which may in turn be used to
probe motor control strategies and physiological determinants of
muscle spindle abundance.
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Watson, P. J., Gröning, F., Curtis, N., Fitton, L. C., Herrel, A., Mccormack, S.W.
and Fagan, M. J. (2014). Masticatory biomechanics in the rabbit: a multi-body
dynamics analysis. J. R. Soc. Interface 11, 20140564. doi:10.1098/rsif.2014.
0564

Weijs, W. and Muhl, Z. (1987). The effects of digastric muscle tenotomy on jaw
opening in the rabbit. Arch. Oral Biol. 32, 347-353. doi:10.1016/0003-
9969(87)90090-2

Wickiewicz, T. L., Roy, R. R., Powell, P. L. and Edgerton, V. R. (1983). Muscle
architecture of the human lower limb. Clin. Orthop. Relat. Res. 179, 275-283.
doi:10.1097/00003086-198310000-00042

Widmalm, S. E., Lillie, J. and Ash, M., Jr (1988). Anatomical and
electromyographic studies of the digastric muscle. J. Oral Rehabil. 15, 3-21.
doi:10.1111/j.1365-2842.1988.tb00142.x

Williamson, M. R., Dial, K. P. and Biewener, A. A. (2001). Pectoralis muscle
performance during ascending and slow level flight in mallards (Anas
platyrhynchos). J. Exp. Biol. 204, 495-507. doi:10.1242/jeb.204.3.495

Xie, P., Jiang, Y., Zhang, X. and Yang, S. (2012). The study of intramuscular
nerve distribution patterns and relative spindle abundance of the thenar and
hypothenar muscles in human hand. PLoS One 7, e51538. doi:10.1371/journal.
pone.0051538

11

RESEARCH ARTICLE Journal of Experimental Biology (2024) 227, jeb249238. doi:10.1242/jeb.249238

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://doi.org/10.1098/rsif.2014.0564
https://doi.org/10.1098/rsif.2014.0564
https://doi.org/10.1098/rsif.2014.0564
https://doi.org/10.1098/rsif.2014.0564
https://doi.org/10.1016/0003-9969(87)90090-2
https://doi.org/10.1016/0003-9969(87)90090-2
https://doi.org/10.1016/0003-9969(87)90090-2
https://doi.org/10.1097/00003086-198310000-00042
https://doi.org/10.1097/00003086-198310000-00042
https://doi.org/10.1097/00003086-198310000-00042
https://doi.org/10.1111/j.1365-2842.1988.tb00142.x
https://doi.org/10.1111/j.1365-2842.1988.tb00142.x
https://doi.org/10.1111/j.1365-2842.1988.tb00142.x
https://doi.org/10.1242/jeb.204.3.495
https://doi.org/10.1242/jeb.204.3.495
https://doi.org/10.1242/jeb.204.3.495
https://doi.org/10.1371/journal.pone.0051538
https://doi.org/10.1371/journal.pone.0051538
https://doi.org/10.1371/journal.pone.0051538
https://doi.org/10.1371/journal.pone.0051538

