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Hypaxial muscle activity during running and breathing in dogs
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Summary

The axial muscles of terrestrial vertebrates serve two both locomotor and respiratory functions simultaneously,
potentially conflicting functions, locomotion and lung (iii) that the parasternal internal intercostal muscle
ventilation. To differentiate the locomotor and ventilatory  performed a primarily respiratory function (inspiration)
functions of the hypaxial muscles in mammals, we and (iv) that the deep pectoralis and longissimus dorsi
examined the locomotor and ventilatory activity of the muscles performed only locomotor functions and were not
trunk muscles of trotting dogs under two conditions: when active while the dogs were standing still. We conclude that
the ventilatory cycle and the locomotor cycle were coupled the dual function of many hypaxial muscles may produce
and when they were uncoupled. Patterns of muscle- functional conflicts during running. The redundancy and
activity entrainment with locomotor and ventilatory complexity of the respiratory musculature as well as the
events revealed (i) that the internal and external particular pattern of respiratory—locomotor coupling in
abdominal obligue muscles performed primarily quadrupedal mammals may circumvent these conflicts or
locomotor functions during running yet their activity was  minimize their impact on respiration.
entrained to expiration when the dogs were standing, (i)
that the internal and external intercostal, external obliqgue Key words: hypaxial muscle, ventilation, locomotion,
thoracic and transversus abdominis muscles performed locomotor—respiratory coupling, mammal, dGgnis familiaris

Introduction

The hypaxial muscles of terrestrial vertebrates are known tikas been only partially elucidated, but appears to vary among
function in both lung ventilation and locomotion. A costalthe taxa that have been studied.
mechanism that employs both the intercostal and oblique The dual role of the hypaxial muscles poses a problem for
hypaxial muscles, as well as the rectus abdominis anslstained locomotion because potentially conflicting demands
transversus abdominis muscles, is well established (De Troyptaced on the hypaxial muscles in a running tetrapod would be
and Loring, 1986) and is thought to represent a basa&xpected to compromise their locomotor or ventilatory actions.
ventilatory mechanism for amniotes (Liem, 1985; CarrierConsistent with the possibility of conflicting demands is the
1989; Brainerd, 1999). In addition, in amphibians, which dambservation that the hypaxial muscles of lizards abandon their
not posses lateral ribs and inspir a buccal pump, the ventilatory function during moderate-speed and rapid running
transversus abdominis muscle has been shown to contribute(@arrier, 1989, 1990, 1991). The loss of ventilatory function
the production of expiratory airflow (Brainerd, 1998; Brainerdby the hypaxial muscles in running lizards is associated with
and Monroy, 1998; Simons et al.,, 2000). Some role imeduced costal ventilation (Carrier, 1987a, 1991; Wang et al.,
locomotion has been identified for the intercostal, oblique anti997; Owerkowicz et al., 1999) and has been suggested to
transversus abdominis muscles in salamanders (Carrier, 1998present an evolutionary constraint on the aerobic capacity
Bennett et al., 2001), lizards (Carrier, 1990; Ritter, 1995and locomotor stamina of lizards (Carrier, 1987b, 1991). The
1996), domestic dogs (Carrier, 1996; Fife et al., 2001), humarnstercostal muscles of dogs have also been shown to abandon
(Morris et al., 1961; Zetterberg et al., 1987; McGill, 1991;ventilatory function when ventilatory and locomotor cycles
Gardner-Morse and Stokes, 1998; Davis and Mirka, 2000) arfsecome uncoupled during trotting (Carrier, 1996); however,
birds (Nassar, 1994; Boggs, 1997; Boggs et al., 1999). loostal ventilation in dogs appears to be less affected by
humans, the transversus abdominis and the diaphragm functitmcomotion than in lizards and is augmented by the ventilatory
in both ventilation and stabilization of the trunk during limbaction of the diaphragm muscle (Ainsworth et al., 1996). In
movements, but the abdominal obliqgue muscles appear tmntrast to that of the interosseus intercostals, the activity of
adopt solely a postural function during arm movementshe parasternal portions of the internal intercostal muscles of
(Hodges et al., 1997; Hodges and Gandevia, 2000). Hence, ttlegs remains entrained to ventilation, specifically inspiration,
function of the hypaxial muscles in locomotion of tetrapodgather than locomotion when breathing becomes uncoupled
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(Carrier, 1996), and the activity of the transversus abdominiur dogs was 25.7+5.7kg (mean stb.). Each dog was
remains entrained to both expiration and stride eventsbtained from local animal shelters and trained to run on the
(Ainsworth et al., 1996). Nevertheless, the nature of the dualeadmill. Electrodes were implanted surgically in eight trunk
role of many of the hypaxial muscles and the implicationsnuscle and one appendicular muscle. Recording of muscle
for locomotor behavior and performance remain poorlyactivity began on the second day after surgery and continued
understood. for 5—6 days. The electrodes were removed 7-8 days after

The two groups of tetrapods that are capable of sustainé@aplantation. After a period of recovery, each dog was adopted
vigorous locomotion, mammals and birds, entrain theias a pet. All procedures conformed to the guidelines of
ventilatory and locomotor cycles when they run. Duringthe University of Utah Institutional Animal Care and Use
running, birds and trotting mammals often couple at one breatbommittee.
per step (2:1) or one breath per stride (1:1) (Bramble and
Carrier, 1983; Bramble and Jenkins, 1989; Nassar et al., 2001). Instrumentation
Bounding gaits, such as galloping, are associated with 1:1 For surgery, subjects were initially anesthetized with an
coupling, in which expiration occurs as the back flexes in thatravenous injection of Pentethal. They were then intubated
sagittal plane during forelimb support and inspiration occursvith an endotracheal tube and maintained on a ventilator with
as the back extends during hindlimb support. Flying bird®xygen to 1.3 MAC (minimal alveolar concentration) and
exhibit a wide variety of coupling patterns from one breath pet—2 % isofluorane for the duration of the surgery. Incisions
locomotor cycle (1:1) to one breath per five locomotor cyclesvere made through the skin above the site of electrode
(1:5) (Berger et al., 1970; Boggs, 1997). In all cases, couplinglacement, and patch (intercostal muscles) or sew-through
represents strict phase locking of respiratory events to specifioblique and appendicular muscles) electrodes were secured to
locomotor events. Although the physiological significance othe muscles of interest. Electrodes were constructed from
coupling is not well understood (Lee and Banzett, 1997), th8.3mm diameter, multistranded Teflon-insulated stainless-
hypothesis that it bestows some selective advantage s$teel wire (Cooner Wire, Inc.; part AS636). Lead wires from
supported by the observations that coupling appears to hatlee electrodes were passed subcutaneously to a dorsal exit
evolved independently in birds and mammals and that, in bothoint just caudal to the dorsal tips of the scapulae.
mammals and running birds, the natural frequency of th&lectromyographic (EMG) signals were passed through a
locomotor cycle and the resonant frequency of the respiratogeparate shielded, lightweight cable for each electrode (Cooner
system are tuned to the same value (Young et al., 1992; Nas¥#lire, Inc.; part NMUF2/30-404b SJ), filtered above 1000 Hz
et al., 2001). One advantage of breathing in a coupled patteamd below 100 Hz, and amplified approximately 2000 or 5000
is that it may minimize potential conflict between locomotortimes with Grass P511 AC amplifiers. These signals were
and respiratory events such that those muscles that effect battimpled at 4000Hz and stored in digital form on an Apple
ventilation and locomotion can operate economically (Funk etlacintosh computer.
al., 1997). Evaluation of the hypothesis that coupling reduces Two sites in the intercostal musculature, the fourth and fifth
locomotor—ventilatory conflict is currently limited, in part, by intercostal spaces, were monitored in all 4 dogs. Two sites
our lack of understanding of the dual function of the hypaxialvere implanted to provide redundancy in case of electrode
musculature during running and breathing. failure. Patch electrodes were placed between the external and

We undertook this study to differentiate the locomotor andnternal intercostal muscle segments (as described in Loeb and
ventilatory functions of the hypaxial muscles in runningGans, 1986; Carrier, 1996). Electrodes were placed between
mammals, i.e. to identify those muscles that are primarilghe osseous portion of the ribs, at the level of the insertion site
locomotor, those that are primarily ventilatory and those wittof the serratus ventralis muscle. Two sew-through electrodes
a dual function. In particular, we were interested in thavere placed in the thoracic and abdominal external oblique,
functions of the external and internal oblique muscles thahternal oblique, transversus abdominis muscles (all 4 dogs),
had not been studied in mammals other than humans. W&o in the longissimus dorsi muscles (3 dogs) and in one
monitored ventilation and the activity of the major hypaxialappendicular muscle, the deep pectoralis muscle (2 dogs).
muscles in dogs trotting on a motorized treadmill. We searcheglectrodes in the external oblique thoracic muscle were placed
for associations between the timing of the activity of individuain the slips that inserted on ribs four and five. Electrodes in the
muscles and the locomotor or ventilatory cycle by takingabdominal external and internal oblique and transversus
advantage of fact that dogs sometimes uncouple their breathiadominis muscles were positioned in the central abdominal
and locomotor cycles such that the phase relationship of thhegion at a mid-lateral location. The electrodes in the
two cycles changes over time. longissimus dorsi muscle were placed mid-trunk at

approximately the level of the eleventh thoracic vertebra. Patch
electrodes were constructed by sewing the wire through
Materials and methods 1cmx3cm rectangles of 0.8 mm Silastic sheeting.

Muscle activity was recorded in four mixed-breed dogs Locomotor events were recorded on video with a high-
(Canis familiarig while they stood and ran at moderate trottingspeed camera (Peak Performance Technologies, Inc.) at
speeds on a motorized treadmill. The mean body mass of th@0fieldssl. An analog signal of the locomotor cycle was
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obtained by monitoring the vertical acceleration of the trunk The distinction between coupled and uncoupled trials was
with an accelerometer (Microtron, 7290A-10) mounted orbased on examination of the relative durations of the
the back in the lumbar region. The video recordings wergentilatory and locomotor cycles and their relative timing.
synchronized with the EMG and accelerometer recordingg/hen one looks at the ventilation and acceleration traces, it is
using a synchronization circuit (Peak Performanceammediately obvious whether a dog’s breathing is coupled or
Technologies, Inc.). uncoupled to locomotor events. In a sample of 15 steps of
Ventilatory airflow was measured with a biased-flow maskcoupled locomotion from one dog, for example, the timing of
pneumotachograph. To allow the dogs to breathe and pant asventilatory event, peak expiratory airflow, relative to a
naturally as possible, the mask covered the entire face and wasomotor event, mid-stance of the left forelimb, showed a
big enough to allow the mouth to open and the tongue to harsandard deviation of 6.7 ms. The steps had a mean duration of
out of the mouth. The mask was held in place by a snug coll@40 ms. The ratio of these values reveals a 2.8% drift in the
around the neck and was sealed around the head just in fraetative timing of locomotor and ventilatory events during
of the ears with an inflatable rubber tube. The bias flow wasoupled locomotion. In contrast, during uncoupled locomotion,
supplied to the mask with two 1.83m lengths of 35mmin which locomotor and ventilatory cycles have different
(internal diameter) breathing tube (666120, Hans Rudolplperiods, ventilation can drift by 100 % in as few as four steps
Inc.) glued to the top surface of the mask. The input tube frorffor examples of coupled and uncoupled trials, see Fig. 3 in
the mask was connected to a pneumotachograph (4813, HaBarrier, 1996). Even slight differences in ventilatory and
Rudolph, Inc.) with a linear capacity up to 800IminAn  locomotor periods resulted in an obvious shift of the two
additional 0.61 m length of breathing tube was connected to ttegnals when examined over several strides, so periods of
upstream side of the pneumotachograph, making the totabupled and uncoupled breathing were easily and reliably
length of tubing on the upstream side of the mask 2.44 m. Thdentified.
output tube from the mask was connected to a constant-flow EMG signals within a sampling window varied in duration
vacuum controlled by a rheostat that produced a bias flow thahd consequently differed in the number of recorded points. To
ranged from 2 to 43, depending on the dog. Pressureenable averaging across multiple samples of different
changes across the pneumotachograph were measured withdamations, EMG signals were re-sampled by linear
Omega 176 differential pressure transducer, with a range afterpolation using a custom-built LabVIEW program to

+1.75kPa (x17.8 cmpD). produce signals 800 points in length regardless of the original
_ _ length. Ensemble averages were generated by averaging the
Analysis of electromyographic data value for each of the 800 points across multiple (27-32)

To examine the relationships between EMG burstingsamples for a given muscle EMG. The result was a series of
pattern and ventilation and locomotion, we generate®00 points that represented the average activity of the muscle
ensemble averages (Banzett et al., 1992a,b) of periodic musclaring the period of interest (i.e. peak expiration to peak
activity for each muscle from 27-32 samples per muscleexpiration or peak vertical acceleration to peak vertical
Ensemble averages were generated from rectified EM@cceleration) (Fig. 1). The ensemble averages also facilitated
signals using two different types of sampling window: (i)comparison among dogs and trials.
extending from the time of peak expiratory airflow to the next Ensemble averages generated relative to breathing (i.e.
peak expiratory airflow, and (ii) extending from the time ofuncoupled breath averages) allowed us to examine the
peak vertical acceleration of forelimb support contralateratelationship between muscle activity and ventilation, i.e. to
to the electrodes to the next peak vertical acceleration afetermine whether EMG activity was concentrated in or absent
contralateral forelimb support (Fig. 1). Ensemble averagesom particular periods of the breathing cycle. If EMG activity
were generated from trials in which the phase relationshigere correlated with the breathing cycle, we would expect the
between the ventilatory and locomotor cycles drifted relativensemble average of uncoupled breaths to show areas of
to one another (uncoupled) and from trials in whichincreased activity and areas of little or no activity. If activity
ventilation and locomotion were phase-locked to one anothevere to occur independently of the breathing cycle, we would
(coupled). Both types of sampling window were used folexpect a flat, noisy trace with no areas of concentrated high-
uncoupled trials. For coupled trials, because ventilation andmplitude activity. Similarly, ensemble averages of uncoupled
locomotion were locked in phase, ensemble averagdsals generated relative to the stride (i.e. uncoupled stride
generated relative to the ventilatory cycle (type i, above) andverages) should show periodic increases in activity if the
those generated relative to the stride (type ii, above) would bauscle activity was associated with locomotion, or flat, noisy
identical. Therefore, we sampled only relative to stride. Thre&races if there was no association.
different ensemble averages were thus generated for eachTo prevent a biased representation in our ensemble averages
muscle from each dog: (i) coupled, sampled relative to stridef activity occurring during (or absent from) different regions
hereafter called the coupled average; (ii) uncoupled, sampled our sampling window, we ‘whitened’ the data from
relative to breath, called the uncoupled breath average; amdicoupled breathing trials by sampling equally from several
(i) uncoupled, sampled relative to stride, called thelocomotion/ventilation phase relationships for each ensemble
uncoupled stride average. average. Thus, all phase relationships of drifting bursts of
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Fig. 1. Representative electromyographic (EMG) traces from two muscles with traces for ventilatory airflow and verticalaccéldrat
trunk illustrating the ensemble averaging method of analysis. The rectified EMG signal is sampled relative to ventilationvsexiending
between peaks of expiratory airflow (A). In this case, the parasternal is entrained to ventilation and the bursts doitioh shdtsampling
window, while the bursts of the pectoralis do. The same EMG signals are also sampled relative to the stride in windovgshetteaein
peaks of vertical acceleration during contralateral forelimb support (B). Here, the pectoralis remains locked to the g#ridarsisddo not
shift relative to the sampling windows, but the bursts of the parasternal do. Traces in A and B are aligned in time.afeoti&lbpthe
forelimbs are shown at the bottom, with boxes labeled IF indicating the period of ipsilateral forelimb support and bodteSHahdleating
contralateral forelimb support. See Materials and methods for further explanation. Exp., expiration; Insp., inspiration.

activity were ‘captured’ with equal frequency in each part ofpattern from another (because of differences in EMG signal
the sampling window. ‘Whitening’ was not necessary forstrength among electrodes, for example).
coupled breathing trials because locomotion and ventilation
were locked to one another (i.e. no drifting of EMG activity Interpretation of ensemble averages
occurred). Four combinations of phasic activity in the uncoupled
An average for each of the three different ensemble averagessemble averages are possible: phasic activity in neither
was generated across all dogs for each muscle to examinecoupled breath average nor uncoupled stride average,
overall patterns. Prior to averaging across dogs, the ensemialetivity in uncoupled breath average, activity in uncoupled
averages for each dog were normalized to a percentage sifide average and activity in both uncoupled averages. In the
maximum activity by dividing each value in each ensemblsimplest case, the first possibility, a pattern of no bursting in
average by the maximum value obtained for that dog, whetheither the uncoupled stride average or the uncoupled breath
that maximum be in the coupled average, uncoupled breadverage would indicate that the muscle functions in neither
average or uncoupled stride average. By averaging normalizé@tomotion nor ventilation. The second possibility, a bursting
values, the pattern from one dog would not overwhelm theattern in the breath average, for example, and no bursting in
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Fig. 2. Ensemble averages of electromyographic (EMG) activity of nine trunk muscles from a single dog standing and paaltiggareve
ventilatory function for all muscles except the longissimus dorsi and deep pectoralis. Only the external intercostal emlpatasbal
intercostal have an inspiratory function. Muscles that were active were not all active at the same time. Ventilatory eé$l@retishown
below for reference. Exp., expiration; Insp., inspiration. All traces are on the same time scale. See text for discussion.

the corresponding stride average, would indicate that thTable 1.Coefficients of determinatiom? for the comparisons
muscle (i) has a ventilatory function and is active periodically between coupled and uncoupled stride averages and between

to power ventilation, and (ii) has no consistent locomotol

coupled and uncoupled breath averages for each muscle

function. Alternatively, a bursting pattern in the uncouplec

stride average and no bursting in the corresponding brea
average would reveal that the muscle (i) has a locomotc
function and is turned on to power locomotion, and (ii) has n
consistent ventilatory function. The third possible pattern
bursting in both averages, would indicate that the muscle hi
both functions and is active to contribute to both ventilatior
and locomotion.

When the activities of the muscles during standing an
panting (i.e. during only ventilatory function) and in coupled

Muscle Stride Breath
External intercostal 0.28 0.07
Internal intercostal 0.83 0.06
Parasternal internal intercostal 0.001 0.35
External oblique thoracic 0.49 0.29
External oblique abdominal 0.88 0.14
Internal oblique abdominal 0.88 0.07
Transversus abdominis 0.83 0.79
Deep pectoralis 0.72 0.02
Longissimus dorsi 0.96 0.003

averages are considered together with these four patterns frc
running and breathing, muscles can be placed into fot

functional categories. (i) Pure locomotor function; no burstingn the uncoupled breath average. This pattern would reveal
during standing and panting, but bursting in the uncouplethat, although the muscle functions during ventilation when the
stride average and no bursting in the uncoupled breath averagegs are not running, the muscle takes on a locomotor function
This pattern would indicate that the muscle is active at thand abandons its ventilatory function during trotting. (iii) Dual
appropriate time to perform a locomotor function and has néunction; bursting during standing and panting, as well as in
effect on ventilation. (i) Primarily locomotor function; both uncoupled averages; this pattern would suggest that the
bursting during standing and panting and bursting in thenuscle is active during trotting only when it can contribute
uncoupled stride average and coupled average, and no burstiogboth ventilatory and locomotor functions. (iv) Ventilatory
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function; bursting during standing and panting, and in the Results
uncoupled breath average and coupled average, but not in theDogs displayed both coupled and uncoupled breathing
uncoupled stride average. This pattern would show that thgatterns during trotting. During uncoupled breathing, they
muscle is active when it needs to contribute to ventilationbreathed in a pattern of more than one step per breath, and
regardless of its effect on locomotion. breaths were not aligned with a particular phase of the
These four categories illustrate the different potentialocomotor cycle. Once the dogs had warmed up, they exhibited
responses of muscles to functional conflicts. If a muscle werthe more typical, stereotyped pattern of coupled breathing,
to have a primarily locomotor function, it would have awhich consisted of one breath per step. During coupled
ventilatory function during rest, but the locomotor functionbreathing, peak inspiratory airflow occurred just before or at
would override it during running. In other words, the bursts opeak vertical acceleration consistently in all dogs. In ensemble
activity would drift relative to the breath cycle, at timesaverages obtain from coupled breathing (i.e. coupled averages),
assisting in ventilation and at times

hindering it. Activity would b External intercostal
independent of ventilation, which wot Uncoupled Uncoupled
presumably be effected by other musc Coupled relative to stride relative to breath

Another possible response to functic 03 A |
conflict would be to adjust the timing ’
. . 0.2 -
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might occur in muscles with a d 04 »MWW MM 4

function. Thus, we expect that a shif
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01- B -
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Fig. 3. Ensemble averages of electromyographic (EMG) activity of the external intercostal
muscle. The pattern of bursting in uncoupled breath averages is similar in all dogs, and its
the pattern of muscle activity. A low? rela_lti_onship to ventila_tion reveals_an_inspiratory_ function for this mus_cle. The pr_:lttern of
e ) activity averaged relative to the stride is more variable, but a clear bursting pattern is present,
'n.d'cates thf”‘t the ensemble averages indicating a locomotor function. Samples are from four dogs (A-D), and the average across
different, either because the temp {our dogs (E), with ventilatory (bold lines) and acceleration (thin lines) traces to reveal
pattern of bursting is effected by coupling  relationships to breath and stride (F). IF indicates ipsilateral forelimb support and CF
because the muscle shows no burstingi  contralateral forelimb support in the footfall bars at the bottom. All traces are on the same
uncoupled average. time scale. Exp., expiration; Insp., inspiration.
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bursting was evident in all muscles examined, indicating dhe shorter, lower-amplitude bursts were associated with mid-
ventilatory or locomotor role, or both roles, for all muscles. contralateral forelimb support and were centered on peak
During panting while standing still, several muscles showeéhspiratory airflow. The coupled average of all dogs (Fig. 3E)
activity associated with ventilatory events (Fig. 2). The internashowed a large burst associated with the first half of ipsilateral
obligue abdominal, external oblique abdominal, externaforelimb support and a much smaller burst centered on mid-
oblique thoracic, internal intercostal and transversus abdomingontralateral forelimb support. In uncoupled stride averages,
showed activity in the latter half of inspiration and thethe bursts were more variable and dispersed in time than in
beginning of expiration; this pattern is consistent with arcoupled averages. The greatest activity was generally
expiratory function for these muscles. Two muscles, thassociated with mid-contralateral forelimb support, and
parasternal portion of the internal intercostal and the externamaller bursts were associated with mid-ipsilateral forelimb
intercostal, were active out of phase with the other musclesupport. The uncoupled stride average pattern from all dogs
showing bursts that extended from the second half of expiratigifrig. 3E) showed two bursts per stride, the larger burst
to the beginning of inspiration. This pattern

is appropriate for generating inspirat

. Internal intercostal
airflow. These muscles were never

active simultaneously, however, Uncoupled Uncoupled
appeared to trade off from minute Coupled relative to stride relative to breath
minute as the dogs changed pos

slightly. Fig. 2 shows the pattern of actiy 0.2 7 n

that each muscle showed when it 0.1 N s s

active, but this figure should not 0 i ,M&MMMM
interpreted to indicate that all the mus
shown were active at the same time. B

. . . 0.2 _ ]
longissimus dorsi and pectoralis showe
activity while the dogs were standing s E 0.1+ s s
During  running, the transvers 3 | A, gL | —MMMMJM&
abdominis, external intercostal, inter 3
intercostal, parasternal internal intercc & C
and external oblique thoracic muse g 0.2 s s
showed phasic activity in uncoup W

0.1+ N |
ensemble averages sampled relativi 0 h iy ,MJM AMQ

both ventilation and locomotion. Only t
hypaxial muscles showed phasic acti 04 D
in uncoupled ensemble averages san
only relative to locomotion durir 0.2 s g

running: the internal oblique abdomi MMMWWMW
and the external obligue abdominal. 0 B B
coefficients of determinationrd) that
indicate the degree to which the locom: 0.6 * *
and ventilatory activity of each muscle

influenced by the pattern of breath

0.3 . . M P\
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Table 1. The pattern of activity of e¢ F

muscle during running is described bel AV ANWANYY )/\ A /\ / XWAWL
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External intercostal

The external intercostal muscle shoy

phasic activity in both uncoupled bre
and stride averages (Fig.3). Amc 1 . [

coupled averages, there was a great d«

variation from dog to dog, with 14 bur Fig. 4. Ensemble averages of electromyographic (EMG) activity of the internal intercostal

L ’ muscle. The patterns are similar for all dogs, indicating an expiratory function as well as a
of a(;t|V|ty. .The Iar.geSt burst w locomotor function. Samples are from four dogs (A-D), and the average across four dogs
associated with the flight phase and (g with ventilatory (bold lines) and acceleration (thin lines) traces to reveal relationships to
first half of ipsilateral forelimb supporta  preath and stride (F). IF indicates ipsilateral forelimb support and CF contralateral forelimb
occurred during the second half  support in the footfall bars at the bottom. All traces are on the same time scale. Exp.,
expiration and the first half of inspiratic expiration; Insp., inspiration.
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associated with mid-contralateral forelimb support and thene dog and the transition from ipsi- to contralateral support
slightly smaller burst associated with the first half of ipsilaterain one dog, and there were no clear bursts in the fourth dog.
forelimb support. In uncoupled breath averages, increasethe uncoupled stride average from all dogs (Fig. 5E) showed
activity was evident extending from peak expiratory airflow talittle bursting because of the high degree of variation among
peak inspiratory airflow in all dogs. This pattern is consistentiogs. In uncoupled breath averages, bursts were similar in all
with an inspiratory function. During standing and panting (Figdogs: bursts extended from peak expiratory airflow to peak

2), activity also occurred appropriately for inspiration. inspiratory airflow, consistent with an inspiratory function. The
_ dog that showed no bursting in its stride average showed the
Internal intercostal strongest, cleanest bursting in the breath average. Bursts were

The internal intercostal muscle showed phasic activity inmmuch clearer during coupled than during uncoupled breathing,
both the uncoupled breath averages and
the uncoupled stride averages, but

stride averages showed a much stro Paraternal internal intercostal

pattern. The patterns of the EMGs in Uncoupled Uncoupled
u_nC_OUpled stride averages were A Coupled relative to stride relative to breath
similar to the coupled averages (Fig 0.30 -, _

first two columns). There were typice 0.20 - |

two bursts of activity, both centered 0' 104 | 'WMM

peak expiratory airflow during coupl 0 MWMWJ
breathing. The shorter, lower-amplitt

burst occurred at the transition fr 015- B B B

contralateral to ipsilateral forelin

support. The larger burst was centere < 0.109 | |

the transiton from ipsilateral £ 0057 ] *WRWMMWM
H > O T T T 1

contralateral  forelimb  support a £

extended from mid-ipsilateral support g C

mid-contralateral support at its grea ¢ 0.3 s s

extent. In the uncoupled breath aver:

0.2 - -
(Fig. 4, third column), activity was not 0.1+ *MMMMMM B M
concentrated into bursts as in couj 0- - ‘ ‘

breathing, but a low-amplitude sin D
period of increased activity was evid 0.2
extending from peak inspiratory airfl 0.1- | |

to peak expiratory airflow, indicati
of an expiratory function. Activit O*M&M
appropriate for expiration also occur E
during this period when the dogs w 0.6 7
standing (Fig. 2). 0.4 MNM WMM i
Parasternal internal intercostal 0

The parasternal portion of the inter
intercostal muscle showed bursting F
coupled averages, uncoupled bre TExp. NSNS /\ A J/\/
averages and uncoupled stride aver | Insp. %QWDWQY O W—Vv v \Y
(Fig. 5). In coupled averages, the lart : :

burst was associated with the first hal

contralateral forelimb support and ] . [
smaller bursts were associated with

beginning of ipsilateral support.
uncoupled stride averages, the bt

% Maximum
o
N
|

Fig. 5. Ensemble averages of electromyographic (EMG) activity of the parasternal portion of
the internal intercostal muscle. The bursting pattern is consistent in uncoupled breath averages,
. indicating a clear inspiratory function for this muscle. The bursting is much more variable in
were not as clean or as consistent an . .

. uncoupled stride averages and almost undetectable in the average across all dogs (E),
dogs as was the case in the cou indicating a variable or sporadic locomotor function that may be different in each dog.
averages. The largest burst \ gamples are from four dogs (A-D), and the average across four dogs (E), with ventilatory
associated with the second half (pold lines) and acceleration (thin lines) traces to reveal relationships to breath and stride (F).
contralateral forelimb supportin one d |F indicates ipsilateral forelimb support and CF contralateral forelimb support in the footfall
the second half of ipsilateral suppori bars at the bottom. All traces are on the same time scale. Exp., expiration; Insp., inspiration.
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indicating that the relationship between breathing and steppirte first half of contralateral forelimb support, and a
during coupled breathing was appropriate for both locomotasecondary burst was sometimes present in association with
and ventilatory activity in this muscle, and some interferencéhe first half of ipsilateral forelimb support. This pattern was
occurred during uncoupled breathing. During standing andirtually identical to that in the coupled averages. Uncoupled
panting (Fig. 2), activity was also appropriate for inspiration.breath averages showed no clear bursts, although a slight
increase in activity was evident in one dog in association with
External oblique thoracic the latter half of inspiratory airflow. The ensemble averages
The external oblique thoracic muscle showed phasic activitgonsidered together indicate that the internal oblique
in both uncoupled stride averages and breath averages (Fig. 8lpdominal muscle has primarily a locomotor role during
A burst was present centered on or near each forelimb suppounning. During standing and panting (Fig. 2), activity
in coupled averages. In uncoupled stride
averages, the burst associated

ipsilateral ~ forelimb  support  wi Externdl obliquethoracic

consistently larger. Uncoupled bre Uncoupled Uncoupled
averages showed bursts extending 1 Coupled relative to stride relative to breath
peak inspiratory airflow to pe 0.10 - -

expiratory airflow, consistent with .

expiratory function. As in both tl 0.05 7 7
external oblique abdominal and inter 0 AMM MMM

. . . T T T 1
oblique abdominal muscles, activ

during rest (Fig.2) indicates B
expiratory function for the exterr 0.20 N B
oblique thoracic muscle. %\ 0.10 - | |
External oblique abdominal E 0- ’L’&MM‘M“‘M e TMMA TAMM‘
The external oblique abdomir § C
muscle showed phasic activity 0 0.06 n 7
L

uncoupled stride averages and very | 0.04 4 B _
phasic activity in uncoupled bre: 0'02’@ M @@ N T MW‘MA MM
averages (Fig. 7). In coupled ¢ 0- w \ ! |
uncoupled stride averages, the lar 006 D
spike was centered on mid-contralat

forelimb support, and a secondary b 0.04 . .
was associated with the start of ipsilat 0.02 = |

forelimb support. In one dog, t 0 ] | ‘ | ‘
secondary burst was as large as E

. . . IS

primary burst and longer in duratic 2 06 -

Uncoupled breath averages showec 2 OAMM s B

bursting and only a slight increase = 02 N *WWMW
activity during inspiration in one dc £ 0 -

These patterns reveal that the exte =

oblique abdominal muscle is primaril AV aWas
locomotor muscle and has little if a fEXp- /\ /-\f\/ \ /\ /
ventilatory function during runnin | InsP. %%%QV 0 ——wi—Yy \/ v

During rest (Fig. 2), activity occurr ‘ ‘ ‘ |
during the latter half of inspiratio

consistent with a role in expiration. ] 1 [
Internal oblique abdominal Fig. 6. Ensemble averages of electromyographic (EMG) activity of the thoracic portion of the

external obligue muscle. This muscle clearly functions in both ventilation and locomotion, and
muscle showed phasic activity the b_ursting pattern is cqnsis_tent among dogs in both _uncoupled strid_e and b_reath averages.

. Bursting starting at peak inspiratory airflow and extending to peak expiratory airflow reveals
,unCOUpled stride averages and V('ary I an expiratory function for this muscle. Samples are from four dogs (A-D), and the average
in uncoupled breath averages (Fig. €  across four dogs (E), with ventilatory (bold lines) and acceleration (thin lines) traces to reveal
pattern similar to that of the exter relationships to breath and stride (F). IF indicates ipsilateral forelimb support and CF
oblique abdominal. The largest burs  contralateral forelimb support in the footfall bars at the bottom. All traces are on the same
the stride averages was associated time scale. Exp., expiration; Insp., inspiration.

The internal oblique abdomir
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occurred during the second half of inspiration, appropriate fodeep pectoralis and longissimus dorsi. (i) Muscles with a

expiration.

primarily locomotor function are the internal and external
oblique abdominal muscles. (iii) Muscles with a dual function

Transversus abdominis include the external intercostal, internal intercostal, external

The transversus abdominis muscle showed bursting in bothblique thoracic and transversus abdominis. (iv) The only
uncoupled stride averages and breath averages. It was actimescle with a solely ventilatory function is the parasternal
during mid-forelimb support in both the coupled averages angortion of the internal intercostals.
the uncoupled stride averages (Fig.9). Activity during The pectoralis and longissimus dorsi muscles appear to have
ipsilateral forelimb support was slightly greater than activitya pure locomotor function during running. The high
during contralateral forelimb support, particularly in uncoupleccorrelations between uncoupleersuscoupled stride averages
stride averages. In uncoupled breath

averages, a burst extended from g
inspiratory airflow to peak expiratc
airflow, a pattern consistent with
expiratory function. During panting
rest (Fig.2), this muscle was act
during the second half of inspiration, €
consistent with an expiratory function

Deep pectoralis

The deep pectoralis muscle sho
bursting in uncoupled stride averages
coupled averages and almost none
uncoupled breath averages (Fig..
Activity was associated with the lat
half of contralateral forelimb support €
early ipsilateral forelimb support. A ve
slight increase in activity was associe
with inspiration in one dog, but t
absence of any pattern during stan
and panting (Fig.2) indicates
ventilatory function for the des
pectoralis.

Longissimus dorsi

The longissimus dorsi muscle shov
phasic activity in coupled averages .
uncoupled stride averages (Fig. 11)
single burst occurred during the sec
half of contralateral forelimb suppc
Uncoupled breath averages showec
bursting or periodic increases in activ
indicating no ventilatory function for tl
longissimus dorsi. No activity w.
present during standing and panting (
2); thus, there is no ventilatory role
this muscle during rest.

Discussion
Muscle function

The hypaxial muscles examined in 1
study can be grouped as follows on
basis of the functional categories defi
in Materials and methods. (i) Musc
with a pure locomotor function are 1

External oblique aldominal

Uncoupled Uncoupled
Coupled relative to stride relative to breath

A
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Fig. 7. Ensemble averages of electromyographic (EMG) activity of the abdominal portion of
the external oblique muscle. This muscle has a locomotor function, revealed by a consistent
bursting pattern in all dogs and a clear bursting pattern in the average across dogs. A
ventilatory function is not evident, given the absence of bursting in the uncoupled breath
averages. Samples are from four dogs (A-D), and the average across four dogs (E), with
ventilatory (bold lines) and acceleration (thin lines) traces to reveal relationships to breath and
stride (F). IF indicates ipsilateral forelimb support and CF contralateral forelimb support in the
footfall bars at the bottom. All traces are on the same time scale. Exp., expiration; Insp.,
inspiration.
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(r2=0.72 andr2=0.96, respectively; Table 1) indicate that thesupport against the forces exerted on the trunk by the extrinsic
locomotor functions of these muscles were relativelyappendicular muscles and generating changes in thoracic
unaffected by whether breathing was coupled. The lowolume that power ventilation. These muscles also have a
correlations between breath averageés({.02 andr2=0.003, ventilatory function when the dogs are at rest (Fig. 2). Of these
respectively) reflect the absence of a ventilatory function fomuscles, the external intercostal had the lowest correlation
these muscles. The pectoralis and longissimus dorsi abetween stride ensemble averageg=(Q.28; Table 1),
appendicular and epaxial muscles, respectively, and showed imalicating that its locomotor function is affected the most by
ventilatory activity during standing and panting, as expectedncoupled breathing. Conversely, only the transversus
for muscles in their positions. The longissimus dorsi muscle iabdominis showed high correlations both between breath
in a position to extend the back or resist flexion, and it has beaverages rf=0.83) and between stride average%=Q.79),
suggested that it helps to stabilize the trunk against inertiadicating that this muscle is capable of performing locomotor
loading, which causes the trunk to sag and rebound during eaghd ventilatory functions simultaneously, even if breathing is
trotting step (Ritter et al., 2001). The
activity of this muscle during forelirr
support is consistent with tt
hypothesized function. The pectori Uncoupled Uncoupled
muscle is in a position to retract - Coupled relative to stride relative to breath
forelimb or resist protraction (Evai

0.15 -
1993), and its activity just prior to a 010 |
during early ipsilateral forelimb supp 0'05 W | M
suggests that it breaks the forw ' 0 i {

movement of the forelimb ai

Internal oblique abdominal

accelerates it backwards. The activity 02 B _ _

the pectoralis ceases early in supg

indicating that it does not contribute < 0.1 s M 7

forward propulsion. E MMWMWMM
The internal oblique abdominal & *E‘ 0 - ‘ ‘ ‘ ‘ !

external oblique abdominal muscles g .- C B

an expiratory function when the dc o 010 | |

were at rest, but abandoned this func &

O I i T o o ] bt A

remained associated with locomc

events. The high correlations betw D

uncoupled and coupled stride avere 0.06 s s

(r2=0.88 for both; Table 1) indicate tt 0.04 - -

their locomotor functions were relative 0.02 "w * Tl bt I
unaffected by whether breathing v 0 - - i
coupled. The low correlations betwe E

breath averagesr?0.07 andr2=0.14, § 8‘2: ] ]

respectively) indicate that these mus % 04 i i

abandon ventilatory function duri S 0.2 s e i | M
trotting. A similar relationship has be & 0 - - w w i w

observed in humans, in which th =
muscles contribute to expiration at 1 aVaWavs

(De Troyer and Loring, 1986) but ad: TExp- ,f/\ J/\ /\/ \ /\ /
a postural function during appendict | Insp. %QW%QS 01+ 't v \/ \/

movements (Hodges and Gande ‘ ‘ ‘ ‘
2000). In running birds, these musc
have been found to maintain a prima ] ] [

locomotor function in some species

a ventilatory function in others (Nass Fig. 8. Ensemble averages of electromyographic (EMG) activity of the abdominal portion of

~ the internal oblique muscle. As in Fig. 7, this muscle has a locomotor function but no

1994; Boggs et aI.,' 1999). ventilatory function during running. Samples are from four dogs (A-D), and the average

The external intercostal, exter cross four dogs (E), with ventilatory (bold lines) and acceleration (thin lines) traces to reveal

oblique thoracic and transvert relationships to breath and stride (F). IF indicates ipsilateral forelimb support and CF

abdominis muscles have a dual func  contralateral forelimb support in the footfall bars at the bottom. All traces are on the same time
during trotting, providing postur scale. Exp., expiration; Insp., inspiration.
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uncoupled. This dual ventilatory and postural role of theconsistent pattern of activity when averaged relative to
transversus abdominis has been observed previously in dolggomotor events makes it impossible to assign a locomotor role
(Ainsworth et al., 1996) and humans (Hodges and Gandevitg this muscle that would be the same in all dogs.
2000). In humans, the transversus abdominis has separate
populations of motor neurons for postural and ventilatory Dual role of the interosseus intercostal muscles
functions (Puckree et al., 1998). The dual-function muscles in Carrier (1996) examined the EMG activity of the intercostal
general showed a clean bursting pattern in the coupled averageascles of dogs during trotting and breathing and obtained
but a noisier bursting pattern in both uncoupled averagesimilar results, but with an interesting difference from the results
indicating slight shifts in timing of bursts and, hence, some levekported here: the internal and external intercostal muscles
of conflict between locomotor and ventilatory functions. (interosseus portions) at two positions on the trunk showed
The internal intercostal muscle showed a similar pattern, butursting in the uncoupled stride average and no bursting in the
exhibited only slight bursting in the
uncoupled breath average. Thus, it ma
considered a muscle with a dual funct
but with more of a locomotor role (or le Uncoupled Uncoupled
of a ventilatory role) than the ott Coupled relative to stride relative to breath
dual-function muscles. Supporting t

A
interpretation is the observation that 0.2+ .
internal intercostal maintained the s¢ 0.1 i
clean bursting pattern in the coug 0-

average and the uncoupled stride ave!
while the uncoupled breath average

B
much noisier, and the observation - 010 ]
the correlation between stride ensen 0.05 -
averages was high?€0.83; Table 1). Th

C

Transversus abdominis

o
|

low correlation between breath averz
(r2=0.06) is not due to an absence

EMG activity (mV)

bursting in the uncoupled breath aver: 0.2
as it is for the oblique abdominal musc 01
but rather to a temporal redistribution 0

the bursts in the uncoupled breath ave
such that they do not match those in 0.08

D
coupled breath average.
The parasternal portion of the inter . N‘
intercostal muscle showed the
s E

o
:

o
|

unusual EMG pattern of all the musc
examined. We place it in the categon
ventilatory muscles because it was ac
during inspiration while the dogs stc
panting, as has been shown previo
(DeTroyer and Loring, 1986), stay
synchronized with inspiration during b E

coupled and uncoupled breathing and } VaVaVWaVvi
AVAVAYS
i \ Ll \

% Maximum
[oNoNoNe]
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a higher correlation between bre :

averagesr=0.35; Table 1) than betwe | Insp. AUQUQVQC 0
stride averages4=0.001). However, tr ; :
relatively low correlation between bre.
averages reveals that uncoupled breai ] ] [
disrupted the ventilatory function of tl
muscle to some extent. The aver

\NVAYA
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Fig. 9. Ensemble averages of electromyographic (EMG) activity of the transversus abdominis
across all dogs (Fig. 5E) showed a ni _mu_scIQ. This muscle ;hows clear bursting in all e_nsemble averages, cor]s_istently across dogs,

) . indicating both a ventilatory and locomotor function. The pattern of activity relative to the
tracg in the uncoupled St,”de average. ventilatory cycle reveals an expiratory function for this muscle. Samples are from four dogs
relatively clean bursts in the coup (A-D), and the average across four dogs (E), with ventilatory (bold lines) and acceleration
average and the uncoupled bre (thin lines) traces to reveal relationships to breath and stride (F). IF indicates ipsilateral
average. Carrier (1996) found the si forelimb support and CF contralateral forelimb support in the footfall bars at the bottom. All
pattern in trotting dogs. The absence traces are on the same time scale. Exp., expiration; Insp., inspiration.
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uncoupled breath average (compared with bursting in botstanding and panting (Fig. 2) suggests that there is functional
uncoupled stride and uncoupled breath averages in the presemerlap and even redundancy in the ventilatory musculature.
study). The results of Carrier (1996) led to the conclusion thathis interpretation is supported by the observation discussed
the intercostal muscles have a primarily locomotor function andbove that muscles, such as the intercostals, are recruited for
abandon their ventilatory role in running dogs. We do not doulitreathing during trotting as ventilatory load changes. We
the veracity of these results or conclusions, and think they cgmopose that the functional redundancy of the ventilatory
be reconciled with the current study by considering the differemhusculature may circumvent locomotor—ventilatory conflicts
loads placed on the ventilatory system in the two differenin particular muscles and allow dogs to maintain steady
experiments. Carrier (1996) used a low-resistance maskreathing under changing locomotor forces acting on the
mounted screen pneumotachograph with a bias flow of 2L-4|strunk and under changing ventilatory loads. Hence, both
to provide fresh air for respiration, which produced smalthe functional redundancy of the hypaxial musculature
negative pressures in the mask (—29.4 to —61.8Pa; —0.30 dod the dual role of some muscles in locomotion and
—0.63cmHO). The current study used a tube-mounted screeventilation indicate that the neural control of ventilation
pneumotachograph with a higher resistance to flow anduring running in mammals is more complex than is
consequently greater negative pressures (—55 to —164 Pa; —Odstherally recognized.
to —1.67 cmHO for 2—41s? airflow) in the mask. We suspect A running mammal not only must adjust the activity of
that this increased negative pressure in the current system (mdge ventilatory muscles to accomplish gas exchange,
than double the pressure of the previous system at higher flontRermoregulation (Lee and Banzett, 1997) and to regulate
loaded the respiratory system and forced the dogs to work hardmsid—base balance (Entin et al., 1999), it must also change the
to breathe than in the earlier study. activity of its ventilatory muscles in accordance with their
The differences in the methods used and data from these twaromotor functions. The examples mentioned above of running
studies suggest that controlled studies in which respiratory loagphill or carrying prey not only increase metabolic rate, requiring
is changed would be worthwhile. These
studies suggest that dogs are capab
recruiting the intercostal muscl Pectoralis
particularly the external intercostal,
both ventilation and locomotion wh
necessary, but are also capable of usin

A

intercostal muscles solely for locomot 0.04 - s

when the opportunity arises. In nati 0.02 - _

circumstances must arise when o o e e bt A
B

Uncoupled Uncoupled
Coupled relative to stride relative to breath

ventilatory system experiences differ ‘ ‘ ‘ ‘ ‘ ‘ ‘
locomotor loads, such as running ug
or carrying prey versus running
unencumbered on level ground, and 0.02 JIMM M i

respiratory system would need to m ; M i

adjustments to muscular recruitment 0

EMG activity (mV)
o
R
\
|

counteract the loads. Similarly, rec C

work in sheep and dogs indicates tha g 104 7 7

species that pant to thermoregulate % 05 i M M _

that couple their ventilation to t = m W

locomotor cycle during gallopin @ & O prmend EEm e ‘ T

regulation of body temperature dur D

galloping competes with control of | VaVaWaVvs )/,\ /}/\ f\ / \ /\ /
W \ v v

balance (Entin et al., 1998, 1999; Wac \/ \/

et al., 1997). Thus, an ability to modul
the recruitment of the intercostals mus w
for locomotor or ventilatory function as 1

-—
S m
838
o

T

need arises during trotting would appe: _] L _1 [
be beneficial.

Fig. 10. Ensemble averages of electromyographic (EMG) activity of the deep pectoralis
muscle. This muscle has a clear locomotor function that is consistent between dogs, but no
ventilatory function. Samples are from two dogs (A and B), and the average across two dogs
control (C), with ventilatory (bold lines) and acceleration (thin lines) traces to reveal relationships to
The observation that dogs ¢ preath and stride (D). IF indicates ipsilateral forelimb support and CF contralateral forelimb
ventilate their lungs using vario support in the footfall bars at the bottom. All traces are on the same time scale. Exp.,
combinations of hypaxial muscles wk  expiration; Insp., inspiration.

Implications for integration and neure
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greater rates of ventilation, but they also change the need ffacilitate expiration. In addition, coupling locomotion and
locomotor recruitment of the hypaxial muscles responsible foventilation in particular phase relationships (2:1 or 1:1) may
ventilation. Running uphill, for example, is associated withsimplify the pattern of activation needed in the hypaxial
increased activity of the internal oblique and internal intercostahusculature (Banzett et al., 1992a,b; Lee and Banzett, 1997)
muscles in dogs, but decreased activity of the external obliqud may help the muscles to perform both functions
and external intercostal muscle (Fife et al., 2001). The pattern $multaneously. This line of reasoning suggests that breathing
reversed when dogs run downhill: greater activity in the externah an uncoupled pattern would require greater muscular
obligue and intercostal and less activity in the internal obliqueecruitment and more complicated neural control. Ventilatory—
and intercostal muscles. These adjustments in recruitment app&omotor coupling is known to occur only in birds and
to stabilize the trunk against activity of the extrinsic appendiculamammals and thus is likely to have evolved independently
muscles that place shearing forces on the trunk in the sagiti@arrier, 1987b), and in both mammals and running birds the
plane (Fife et al., 2001). Furthermore, in the variable terrain akesonant frequency of the respiratory system matches the
the natural world, every step is different in the forces applied toatural frequency of the locomotor cycle (Young et al., 1992;
the trunk and in the period of force application. Hence, every stégassar et al., 2001). This convergent evolution suggests that
would place variable and possibly unpredictable demands on tkeupling has a selective advantage. Reducing functional
activity and force production of the hypaxial muscles responsibleonflicts in the trunk musculature and simplifying control
for lung ventilation. How the nervous system modifies thelemands may have been selective forces contributing to the
activity of the axial muscles during running to maintain theevolution of coupling.
mechanical integrity of the trunk while at
the same time adjusting ventilation
accordance with the need for gas exchi
and thermoregulation remains difficult Uncoupled Uncoupled
imagine and largely unstudied. Coupled relative to stride relative to breath
The problem the nervous system fe 0.10 A - -

in  coordinating  ventilation ar
locomotion using shared muscles m 0.05 fj\ A i
conceivably be simplified by coupling 1 0] _ ‘ T |

two cycles in a limited number
possible phase relationships. The i
that coupling reduces mechani
conflicts and may thus improve
economy of ventilation is not ne
(Bramble and Carrier, 1983; Young et

0.10 +
0.05 + -
0 A,
1992; Bramble and Jenkins, 1993; Bo

C
et al., 1997; Boggs, 1997; Funk et 0.10 m

Longissmus dorsi

EMG activity (mV)

1997, Lee and Banzett, 1997, Entin et 0.05 -
1999; Nassar et al., 2001). In hum:
although our locomotor and ventilat
functions are largely uncoupled becs
of our bipedality, coupling is routine
most experienced runners (Bramble
Carrier, 1983; Bramble, 1983), ¢
running with coupled breathing appe
to be slightly more economical th
running with  uncoupled breathi
(Bernasconi and Kohl, 1993). An e\
greater energetic benefit of coug
breathing is expected in quadrupeds ‘ ‘ ‘
which the trunk plays a greater role

locomotion (Carrier, 1984). 1] L [

Given the demands of locomotion

LA i,
j/\ D WL
AL NN

o O
T T
=0
)
>= }-
b
e

% Maximum

g8
§§m
o

the trunk musculoskeletal system and Fig. 1}. Ensemb_le averages of electrpmyographic (EMG) activity of the longissimus dorsi,

. ) revealing a consistent locomotor function but no ventilatory function. Samples are from three
dual function of th.e_ hyngIaI muscles dogs (A-C), and the average across three dogs (D), with ventilatory (bold lines) and
quadrupeds, specific periods in a trot  4cceleration (thin lines) traces to reveal relationships to breath and stride (E). IF indicates
cycle may mechanically facilita ipsilateral forelimb support and CF contralateral forelimb support in the footfall bars at the
inspiration and other periods m _bottom. All traces are on the same time scale. Exp., expiration; Insp., inspiration.
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