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Summary

The function of the lateral hypaxial muscles during
locomotion in tetrapods is controversial. Currently, there
are two hypotheses of lateral hypaxial muscle function. The
first, supported by electromyographic (EMG) data from a
lizard (lguana iguang and a salamander Dicamptodon
ensatu$, suggests that hypaxial muscles function to bend
the body during swimming and to resist long-axis torsion
during walking. The second, supported by EMG data from
lizards during relatively high-speed locomotion, suggests
that these muscles function primarily to bend the body
during locomotion, not to resist torsional forces. To
determine whether the results fromD. ensatushold for
another salamander, we recorded lateral hypaxial muscle
EMGs synchronized with body and limb kinematics in the
tiger salamander Ambystoma tigrinum In agreement with
results from aquatic locomotion in D. ensatus all four
layers of lateral hypaxial musculature were found to show
synchronous EMG activity during swimming in A.
tigrinum. Our findings for terrestrial locomotion also agree
with previous results from D. ensatusand support the
torsion resistance hypothesis for terrestrial locomotion. We
observed asynchronous EMG bursts of relatively high
intensity in the lateral and medial pairs of hypaxial muscles
during walking in tiger salamanders (we call these d-
bursts’). We infer from this pattern that the more lateral
two layers of oblique hypaxial musculature, Mm. obliquus

externus superficialis (OES) and obliquus externus
profundus (OEP), are active on the side towards which the
trunk is bending, while the more medial two layers, Mm.
obliquus internus (OI) and transversus abdominis (TA),
are active on the opposite side. This result is consistent with
the hypothesis proposed foD. ensatusthat the OES and
OEP generate torsional moments to counteract ground
reaction forces generated by forelimb support, while the Ol
and TA generate torsional moments to counteract ground
reaction forces from hindlimb support. However, unlike
the EMG pattern reported for D. ensatusa second, lower-
intensity burst of EMG activity (‘ B-burst’) was sometimes
recorded from the lateral hypaxial muscles inA. tigrinum.
As seen in other muscle systems, theRéursts of hypaxial
muscle coactivation may function to provide fine motor
control during locomotion. The presence of asynchronous,
relatively high-intensity a-bursts indicates that the lateral
hypaxial muscles generate torsional moments during
terrestrial locomotion, but it is possible that the balance of
forces from both a- and B-bursts may allow the lateral
hypaxial muscles to contribute to lateral bending of the
body as well.
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Introduction

Despite a growing body of knowledge about the kinematic¢Carrier, 1993). Salamanders are, however, a particularly
and motor control patterns of epaxial and appendicular muscieteresting group in which to study hypaxial muscle function.
systems during locomotion in salamanders (Ashley-Rosd/ertebrates ranging from fishes to tetrapods all share basic
1995; D'Aolt et al., 1996; Ashley-Ross and Lauder, 1997characteristics in the organization of lateral hypaxial muscles
Delvolvé et al., 1997; Frolich and Biewener, 1992; Gillis,(Carrier, 1990), and salamanders provide a potentially useful
1997), relatively little is known about the role of hypaxialmodel for understanding the transition from aquatic to
muscles during locomotion. Only recently has an extensiveerrestrial habitats (Frolich and Biewener, 1992).

morphological analysis of the variation in salamander lateral The general

arrangement of the oblique hypaxial

hypaxial muscles been published (Simons and Brainerd, 1999)usculature is conserved across tetrapods. At least one layer
and only one study has used electromyographic (EMG) resulis which muscle fibers slope from craniodorsal towards
to examine the function of hypaxial muscles during locomotiortaudoventral and at least one layer in which muscle fibers slope
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from cranioventral towards caudodorsal are always presefursion caused by the supporting limbs, oblique orientations of

(Carrier, 1993; Simons and Brainerd, 1999; Brainerd anthe hypaxial muscles are required. The torsion hypothesis

Simons, 2000). In the tiger salamandenbystoma tigrinum predicts that the two lateral layers, which slope from

four lateral hypaxial muscles are present: m. obliquus externusaniodorsal towards caudoventral, counteract the torsion

superficialis (OES), m. obliquus externus profundus (OEP), ntaused by the forelimbs, while the medial layers on the opposite

obliquus internus (OIl) and m. transversus abdominis (TA) (Figside of the body, whose fibers slope from cranioventral towards

1). The four hypaxial layers may be grouped, on the basis @udodorsal, counteract the torsion imposed by the hindlimbs

similar fiber angles, into lateral and medial pairs: the laterallyFig. 3; Carrier, 1990; Carrier, 1993).

situated OES and OEP muscles slope from craniodorsal Support for the torsion hypothesis in salamanders comes

towards caudoventral and the more medially situated Ol andom EMG data collected from the hypaxial musclesDof

TA muscles slope from cranioventral towards caudodorsansatus(Carrier, 1993). During walkindgD. ensatusshowed

(Fig. 1) (Simons and Brainerd, 1999). asynchronous bursts of activity in the medial and lateral pairs
During swimming, the lateral hypaxial muscles of of hypaxial muscles (Fig. 2C). When the left hindlimb was in

salamanders have been found to contribute to lateral bendingaintact with the ground, the medial hypaxial muscle pair

the body (Carrier, 1993). In a study Bicamptodon ensatys (Ol and TA) on the left side of the trunk was active.

synchronous bursts of EMG activity from the lateral hypaxial

muscles on the flexing side of the body were found (Fig. 2A)

During terrestrial locomotion, however, Carrier hypothesizec Bending

that the primary function of the lateral hypaxial muscles ir

salamanders would be to stabilize the body against torsion

loads generated by ground reaction forces (on the basis

previous results from a lizartguana iguana Carrier, 1990). *

This ‘torsion hypothesis’ may be summarized as follows. Whe! A A

tetrapods walk over land, they support themselves off th =

substratum using diagonally opposed limbs. The groun

reaction forces directed through the diagonally opposed limk

cause the pectoral and pelvic girdles to rotate, twisting the lor

axis of the body in the process (Fig. 3). To counteract th B
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Fig. 2. Schematic representation of two hypothetical functions of the
lateral hypaxial muscles during locomotion (after Carrier, 1993). The
first hypothesis is that the hypaxial muscles function to bend the
body during swimming (A) and walking (B) through the
Fig. 1. Left lateral view of the hypaxial musculature of an adultsynchronous action of the lateral and medial pairs of hypaxial
Ambystoma tigrinumMuscle fibers in the lateral pair (OES and musculature. A second hypothesis (C) is that the hypaxial muscles
OEP) slope from craniodorsal towards caudoventral, whereas musdunction to counteract long-axis torsion of the body during walking.
fibers in the medial pair (Ol and TA) slope from cranioventralThe torsion hypothesis predicts that the lateral and medial pairs of
towards caudodorsal. OES, m. obliquus externus superficialis; OEhypaxial muscles will be active asynchronously on one side of the
m. obliquus externus profundus; OI, m. obliquus internus; TA, mbody during walking. Filled bars represent bursts of muscle activity
transversus abdominis; RA, m. rectus abdominis. The figure is takerecorded from the lateral and medial hypaxial muscle pairs on one
from Simons and Brainerd (Simons and Brainerd, 1999) (witlside of the body. Darkened feet in (C) mark the limbs generating the
permission). Copyright 1999 Wiley-Liss, Inc., a subsidiary of Johrtorsional moments countered by the indicated muscle activity.
Wiley & Sons, Inc. *Denotes the side of the body with hypothetical muscle activity.
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species, or is the pattern found in a salamander from a different

family as well? On the basis of the previous studidgudina
x iguang Varanus salvatoandDicamptodon ensatudiscussed

above, we predict two possible outcomes of our study: (i) the

C Z; hypaxial muscles function to bend the body during both
4 ; swimming (Fig. 2A) and walking (Fig. 2B) or (ii) the hypaxial
Ground reaction forces muscles function to bend the body while swimming (Fig. 2A)

Fig. 3. Torsion control during terrestrial locomotion in salamandersand to stabilize the trunk against torsion during walking

During walking, the ground reaction forces directed through the(F'g' 2C). Another poss!ble QUtcome' althoth not previously
diagonally opposed limbs cause the pectoral and pelvic girdles f3oServed in other studies, is that the hypaxial muscles may
rotate (curved arrows over the trunk). The oblique orientations of thInction to bend and twist the body simultaneously during
lateral hypaxial muscles are hypothesized to prevent torsion caustrrestrial locomotion.
by the limbs. In this example, the medial muscles (open arrow, m.
obliquus internus and m. transversus abdominis) on the salamander’s
right side are active to counteract torsion caused by the hindlimb, Materials and methods
while the lateral pair (filled arrow, m. obliquus externus superficialis Animal husbandry
a.nd m. obliquus externu_s profundus) of hypaxial muscles on the left give adult tiger salamanderarbystoma tigrinunGreen)
?(')?:"r?]fbtzf Jrrlénrﬁo'zif?;é“;reortﬁ C‘::rlﬁirgfrig;g‘e torsion caused by thGere hyrchased from commercial dealers or collected in
9 ' ' Coconino County, Arizona, USA. The tiger salamanders had a
mean body mass of 64.0+12.7 g (range 49-80g) and a mean
Simultaneously, on the right side of the body, the superficiadnout—vent length of 12.3+0.91cm (range 11.0-13.5cm;
pair (OES and OEP) was active, thus counteracting the torsioneans 1s.0.). Animals were housed in separate aquaria on wet
induced by the ground reaction forces transmitted through th@aper towels at room temperature (21-23°C). They were fed
forelimb (Carrier, 1993). A similar, asynchronous pattern othree times per week on a diet of crickets supplemented with
hypaxial muscle activity has also been observed in a lizardjtamins and minerals. The Institutional Animal Care and Use
Iguana iguanaduring relatively slow-speed walking (Carrier, Committee at the University of Massachusetts Amherst
1990). (approval no. 19-10-07) approved all animal care and use
In conflict with the torsion hypothesis, electromyographicprocedures.
(EMG) data collected from one hypaxial muscle during
relatively high-speed locomotion in lizards indicates that this Surgical procedures
muscle, the external oblique, functions primarily to bend the Electromyographic (EMG) activity was measured using
body (Ritter, 1995; Ritter, 1996). In both iguana and patch electrodes during swimming and walking from the four
Varanus salvatgr Ritter found that the external oblique is lateral hypaxial muscles @&f. tigrinum Mm. obliquus externus
active at an appropriate time to produce body bending rathsuperficialis (OES), obliquus externus profundus (OEP),
than functioning in torsion control (Fig. 2B). He concludedobliquus internus (OI) and transversus abdominis (TA)
that the epaxial muscles, rather than the hypaxial muscle@ig. 1). Patch electrodes were used for two reasons: first,
function to control long-axis torsion (Ritter, 1995; Ritter, patches help to minimize potential effects of cross-talk
1996). between muscles (Loeb and Gans, 1986; Carrier, 1990) and,
Further evidence supporting the ‘bending hypothesis’ ofecond, patch electrodes could be sutured directly to the
hypaxial muscle function comes from denervation experimentsnuscles, which helps reduce the low-frequency motion artifact
of the lateral hypaxial muscles Bf ensatu§O’Reilly et al.,  generated during locomotion (Brainerd and Monroy, 1998;
2000). When the nerves controlling the lateral hypaxiaBennett et al., 1999).
muscles were transecte@. ensatusshowed a significant Patch electrodes were constructed and implanted following
decrease in the amplitude of lateral bending. These results aptbcedures outlined previously (Carrier, 1990; Carrier, 1993;
those from Ritter’s work (Ritter, 1995; Ritter, 1996) on lizardsLoeb and Gans, 1986). All electrodes were constructed from
suggest that the lateral hypaxial muscles function primarily toeinforced silastic sheeting (Dow Corning, 0.25 mm thick), fine
bend the body during terrestrial locomotion, but more completsilver wire (outer diameter 5im; Cooner Fine Wire, CA,
studies including more species, a range of locomotor speetSA) and liquid silicone. Care was taken to construct the
and EMG data from more than one of the hypaxial muscles asdectrodes similar to one another to minimize variation
required to draw firm conclusions about the functions of théetween patches. The electrode wires leaving the patches were
hypaxial muscles during locomotion in tetrapods. hand-twisted and connected to lightweight shielded wii@s
Given this controversy, the goal of the present study was tminiature connectors. The salamanders were anesthetized
determine whether the patterns of EMG activity reported fousing a 1 gi! solution of tricaine methanesulfonate (MS 222),
D. ensatuswould also occur in another salamander speciesand the electrodes and shielded cables were sutured to the
A. tigrinum belonging to a different family. Might the hypaxial muscles and dorsal surface of the animal,
asynchronous pattern recordedinensatude peculiar to that respectively. During surgery, the salamanders were placed
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onto a bed of ice, which proved to be an effective method ofideo recorded both the real-time EMG traces and video of the
keeping the animals anesthetized over the long periodslamander locomoting, we were able to synchronize the
required to complete the electrode implantations. Following alfligital EMG in the Superscope Il files with the kinematic
experiments, the animals were anesthetized, and electrodariables of footfall and maximum body bending.
placement was verified by dissection (as the electrodes were
removed). Quantitative analysis

In each experiment, EMG activity in at least two of the four Within a single muscle and a single locomotor cycle, two
hypaxial muscles was recorded using single- or double-sidegeMG bursts were sometimes present. These bursts were
patch electrodes. In two individuals, recordings were maddistinguishable by their relative timing and frequency of
from all four hypaxial muscles on one side of the body duringgccurrence. One burst of muscle activity was always present
both walking and swimming. In these individuals, a doublein the same part of the locomotor cycle. We call this obligate
sided patch electrode placed between the Ol and OEP musclagst of muscle activity ar-burst’. A second burst of muscle
was used together with medially facing TA and OES patchesctivity was sometimes, but not always, present. When present,
In a third individual, muscle activity from the TA, Ol and OES we refer to the second burst agdeburst’. Cycles with muscle
muscles was recorded simultaneously from both sides of thetivity that lasted throughout the locomotor cycle are referred
body using medially facing TA and Ol electrodes and laterallyo as having ‘continuous bursts.’ In this study, we noted cycles
facing OES patch electrodes. In the remaining two animalsyith continuous bursts of EMG activity but did not include
medially facing electrodes recorded activity in just twothem in our quantitative analysis of EMG burst timing. Only
muscles, the TA and OEP in one animal and the TA and OEBose locomotor cycles for which clear video data were
in the other. obtained, in which one or two distinguishable bursts of activity

Electrical signals from the hypaxial muscle electrodes weraere present and in which the salamanders swam or walked
amplified 10008 through Grass P511J amplifiers. Signalssteadily were analyzed.
were filtered in the amplifier with a 60Hz notch filter and a Superscope Il software (GW Instruments, Sommerville,
bandpass filter set between 100Hz and 5kHz. All signals wetdA, USA) was used to display EMG traces, and onset and
digitized at 4000 sampleslswith a GW Instruments data- offset times of EMG bursts were marked manually (i.e.
acquisition system and Superscope |l software. Prior tpatterns were detected by eye, without strict quantitative
analysis, low-frequency noise was digitally filtered from all thecriteria). In total, 73 strides for swimming and 97 strides for
EMG signals using a custom-designed 100 Hz high-pass filtavalking were quantified, but the means and standard deviations

(WLFDAP; Zola Technologies, Atlanta, GA, USA). reported here represent the number of individuals, not the
_ _ number of cycles N=2 individuals for swimming,N=3
Locomotion experiments individuals for walking). We chose not to combine the EMG

A 122cnkl5cnmxl5cm  watertight trackway was data gathered from cycles of different individuals because of
constructed for swimming and walking trials. For swimming,the inherent variability contained within each salamander and
the trackway was filled with 6-8cm of water at roomelectrode.
temperature (21-23°C). Prior to the swimming experiments, Because of considerable variation in locomotor cycle
the salamanders were given 30 min to acclimate to the wateaturation within and among salamanders, kinematic and EMG
For walking, the trackway was covered with moist papetiming variables were standardized to cycle duration for visual
towels and the walls were lubricated with a water-basedomparison. We did not, however, use standardized muscle
lubricant (KY Jelly). The lubricant helped to reduce the frictiononset times in any of the statistical tests. We defined a
caused by the animal occasionally walking along the wall. Fdpcomotor cycle as beginning when the salamander was bent
simplicity, we use the term ‘walk’ for terrestrial locomotion in maximally to one side and as ending when the animal bent
salamanders in this paper, but we recognize that salamandenaximally in the same direction again. Footfall times and
may actually be using a range of walking and trotting gaits. EMG onsets were measured relative to the beginning of a

A gentle stream of water from a spray bottle was used ttmcomotor cycle (maximal bending).
motivate the salamanders to swim and walk. Only two
salamanders both swam and walked steadily with mild or no Statistical analyses
spraying. The remaining individuals would not swim steadily, A pairedt-test was used to test for significant differences in
so swimming data were not collected. During all experiment&MG intensity and duration between and 3-bursts within
the electrode leads were held above the salamander so teach hypaxial muscle for swimming and walking. Locomotor
locomotion could occur as freely as possible. Following eachycles with botha- and3-bursts of EMG activity in one or
swimming and walking trial, the animals were allowed to resmore of the hypaxial muscles were identified, and low-
for several minutes before more data were collected. frequency noise was filtered out. For eachand-burst, the

Video recordings of locomotion (60 fielddsand live EMG  rectified integrated area (EMG intensity, mV's) was measured
traces from the computer screen were simultaneously recordadd divided by the duration of muscle activity (in s).
to videotape using video overlay hardware (TelevEyes/Pro On the basis of previous work (Carrier, 1993), we predicted
Digital Vision, Inc., Dedham, MA, USA). Because the VHS that the onset times of the TA and Ol should be significantly
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different from the onset times of the OES and OEP durin Table 1.Locomotor cycle duration during voluntary
walking but not during swimming. To test for these differences swimming and walking iAmbystoma tigrinum
one-way analyses of covariance (ANCOVAS) with Fisher pair Swimming duration Walking duration
wise post-hoctests were performed for each individual during  |ndividual (ms) (ms)
swimming and walking (with locomotor cycle duration as the
covariate and muscle as the fixed factor). Significance levels fi A 39082 (21) 49271 (28)
. o . ) B 307100 (52) 602113 (31)
the multiple pair-wise comparisons were Bonferroni/Dunn- c B 1526:419 (38)
corrected; onset times were not considered significantly differe
unless thé>-value was less than 0.008. *Cycle duration is defined as the time between two successive

maximum body flexions in the same direction. The sample Nijzis (
the number of strides analyzed for each individual.

Results Values are meansso. (N).

Body bending and gait

In Ambystoma tigrinumthe kinematics of body bending
differ qualitatively and quantitatively in swimmingersus respectively. We found significant individual variation in duty
walking. During swimming, a traveling wave of lateral factor and the phase relationship between limb contact and
undulation passes down the body while the limbs are heldody bending (one-way ANOVAP<0.05). More detailed
tightly back against the body. In contrast, during walkihg, kinematic analyses of walking and swimming Aartigrinum
tigrinum employs a standing wave pattern of body bendingire described elsewhere (Frolich and Biewener, 1992).
with the pectoral and pelvic girdles functionina

as nodes. i
The mean duration of locomotor cyc imming
during swimming was consistently shorter t A - 1CYC|e_

the mean duration of locomotor cycles du * * * *
walking (Table 1). Note that these durati A -l 1 B
are for swimming in a linear trough &
walking on a linear trackway; they theref
represent the locomotor speeds volunti
selected by the salamanders. Only
individuals  exhibited steady swimmi

TA W
| k.
W T
behavior, and a significant difference ]
“Mw et
OEP

o 03mV

Y
A

absolute locomotor cycle duration betw i 03mV
these two salamanders was observed (one
ANOVA, P<0.05). Three individuals walki
steadily in the trackway and one of the
individual C, used locomotor stride duratit
that were approximately three times lor
than those of individuals A and B (Table 1 OES
Analysis of 97 walking strides normalizec 08mV
stride duration indicates that the fore-
hindlimbs have a duty factor of 56+17 %
57+20% (means =s.0.) of the stride

B
Fig. 4. Representative electromyographic (EMG) ol L—{ B }-El—{ )—L—:—L

activity from the lateral hypaxial muscles of
Ambystoma tigrinunduring swimming. (A) An Ol
example of locomotor strides with only tree

bursts present in the TA, OEP and OES muscles.

(B) Electromyographic activity recorded from the

same individual as A witki- and-bursts present

in the Ol and OES. A new locomotor cycle begins OES
at each arrow. Filled and open bars represent ou
scoring of then- andp-bursts, respectively, for the
corresponding traces. OES, m. obliquus externus
superficialis; OEP, m. obliquus externus
profundus; OI, m. obliquus internus; TA, m.
transversus abdominis. 250ms

08 mV

0.1mV

0.1mV
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a- and 3-bursts of muscle activity muscles were not significantly different from each other (Table
On the basis of previous results fr@itamptodon ensatus 3; one-way ANCOVA with locomotor cycle duration as the
(Carrier, 1993), we predicted that each lateral hypaxial muscleovariate and Fisher pair-wigmst-hoctests). However, we
in A. tigrinumwould exhibit only one burst of muscle activity did find significant differences in the onset timesdfursts
during each locomotor cycle. However, we observed that thier the OES compared with onset @fbursts in the TA, Ol
lateral hypaxial muscles dk. tigrinum often exhibited two and OEP muscles (Table 3). Of the four lateral hypaxial
distinct bursts of EMG activity within a single locomotor cycle muscles, the onset ofbursts was earliest in the OES muscle
(Fig. 4B, Fig. 5A). One of these bursts, which we refer to agFig. 7). EMG onset time was also found to covary
an ‘a-burst’, is present in every locomotor cycle and is similarsignificantly with locomotor cycle duration (ANCOVA,
in relative timing to the single burst of muscle activity reported®<0.05 for the two swimming individuals).
for D. ensatugCarrier, 1993). Fig. 4A provides an example of The relative onset times and durations of the lower-intensity
locomotor cycles in which the TA, OEP and OES hypaxiaB-bursts are also shown in Fig. 7. These bursts occurred in the
muscles exhibit onlyi-bursts. second half of the locomotor cycle as the animal was bending
A second burst of muscle activity, which we refer to §&a‘ away from the side in which the electrodes were implanted.
burst’, is present in some of the muscles during som@-bursts were not observed in every muscle during every
locomotor cycles. Wheif3-bursts are present, the hypaxial locomotor cycle (see Table 2 for percentages of cycles in
muscles display both- and B-bursts together
during a single locomotor cycle (Fig. 4

Fig. 5A). A Walking

We also observed a third pattern of activit Y 1gde T,
which thea- andp-bursts were not separated * *
a silent period (Fig. 5B). In this pattern, bu

A TA{ | O] L B ] L]
of EMG activity were nearly continuo
throughout the locomotor cycle. T . W " #WlO.ZmV
percentages of locomotor cycles in which €

Ol

of the three EMG patterna-{pursts onlyg- and
B-bursts, and continuous bursts) occurre Joimv
each of the three individuals during walking
swimming are given in Table 2.
Paired t-tests comparinga- and B-burst OEP
intensity from each of the lateral hypa MW%WMW' 0.1mvV
muscles during swimming and walking indic
that the intensity ofa-bursts is significantl OES
higher than the intensity @tbursts P<0.0001) | 0.3mV
Fig. 6 shows the results for one individual
similar analysis for a second salamander shc
the same overall relationship betweenand3-
burst intensity, with the exception of the B
during swimming in which the intensity ¢ *

bursts was higher than the intensityoebursts E T Continuous *Continuous
(P=0.01). o P |

Muscle activity patterns during swimming
During swimming, all four lateral hypaxi
muscles show-bursts during the first part of t OE
swimming cycle, defined here as the part of
cycle in which the body begins to bend tows
the side of electrode implantation (Fig. 250ms
Analysis of 73 swimming cycles from two tic
salamanders revealed that the TA and Ol ¢

| 0.1mvVv

Fig. 5. Representative electromyographic (EMG) activity from the lateral hypaxial
- . muscles ofAmbystoma tigrinunduring walking. (A) EMG activity in whicla- and
a-burst _actl\(lty during 31% and 33% of | B-bursts occur together within a single walking stride. (B) EMG activity recorded
total swimming FV,CIe' a_nd the OEP and C from the same individual in whiai- andB-bursts are not separated by silent periods
showa-burst activity during 35% and 38% during two strides (continuous bursts). A new locomotor cycle begins at each arrow.
the total cycle, respectively. Filled and open bars represent our scoring of thee @indp-bursts, respectively, for

The onset times of tha-bursts (relative t the corresponding traces. OES, m. obliquus externus superficialis; OEP, m. obliquus
maximum body bending) for three of the fi externus profundus; OI, m. obliquus internus; TA, m. transversus abdominis
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Table 2.Percentage of locomotor cycles in which each of the three observed EMG activity patterns occurs in each muscle layer
during walking and swimming

Individual A Individual B Individual C
Walking (%) Swimming (%) Walking (%) Swimming (%) Walking (%)
(N=115) (N=60) (N=115) (N=89) (N=100)
TAq 7 21 18 83 46
TAa+p 74 73 74 17 48
TAcont 19 6 8 0 6
Olq 8 93 18 100 26
Ola+p 82 7 65 0 62
Olcont 10 0 17 0 12
OERy 54 66 30 66 -
OERu+p 29 34 52 34 -
OEPRont 17 0 18 0 -
OE& 29 40 9 80 37
OESui+p 55 57 56 20 59
OE&ont 16 3 35 0 4

The three EMG activity patterns observedaieursts only, botlu- andB-bursts, and continuous bursts (cont).
TA, m. transversus abdominis; Ol, m. obliquus internus; OEP, m. obliquus externus profundus; OES, m. obliquus externus superficialis

which B-bursts occurred). In most cases, flibursts were
significantly shorter in duration than tlebursts (paired-
M. transversus abdominis M. obliquus internus test, P<0.025), the exception being the TA in individual B

- 012 (Fig. 7).

02 Muscle activity patterns during walking

During terrestrial locomotion, the TA and Ol muscles show
a-bursts in the first half of the stride cycle, defined here as the
part of the stride in which the body begins to bend away from
the side of electrode implantation. In contrast, the OES and
OEP showo-bursts primarily in the second half of the cycle
(Fig. 8). As predicted for walking (Carrier, 1993), the onset
times ofa-bursts in the TA and Ol are significantly different
M. obliquus eternus M. obliquus eternus from the onset times af-bursts in the OES and OEP (Table 3;
superficialis profundus one-way ANCOVA with locomotor cycle duration as the
o3 covariate and Fisher pair-wipest-hodests). EMG onset time
was found to covary significantly with locomotor cycle
duration in two of three of the walking individuals (ANCOVA,
P<0.05).

In the TA and Ol muscles, the onsebebursts is associated
with the hindlimb support phase of the locomotor cycle,
whereas the onset atbursts in the OES and OEP is associated
with forelimb support (Fig. 8). During walking, the TA and Ol
Walk Swim Walk Swim showa-bursts of muscle activity during 39 % and 36 % of the
_ ) N total stride cycle and the OEP and OES slwstwrsts during
Fig. 6._ Bar chart ofa- and_ B-burst |ntenS|t|e§ frpm the Iatera_l 40% and 42 % of the total cycle, respectively.
hypa.XIaI musclgs O.f one tiger ?a"'?‘”.‘a“der ('n.d'v'du.al A) during Fig. 8 also shows the relative onset times and durations of
walking and swimming. For this individual, the intensity of the . .

the lower-intensity B-bursts. These bursts occur most

bursts is significantly higher than the intensity of fbursts in all . .
four lateral hypaxial muscles during both swimming and walkingConSIStentIy in the TA and Ol muscles, although the OES and

(pairedt-test, P<0.0001). The muscle burst intensity was measuredEP do sometimes shdWwbursts (see Table 2 for percentages
as the rectified integrated area divided by the duration of the burgf B-bursts). In most of the muscles evaluated, the duration of
Filled and open columns represent the mean burst intensitgm: ~ B-burst activity was not significantly different from the
of thea- andp-bursts, respectively. duration ofa-burst activity (Fig. 8). However, the intensity of
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Fig. 7. Summary diagram showing the
onset and duration of lateral hypaxial
muscle EMG activity relative to maximum
body bending in twAmbystoma tigrinum
during swimming. Values are means.t.

for a-burst (filled bars) ang-burst (open
bars) onset and duration times, which are
calculated from values normalized to
locomotor cycle durationa-bursts occur
during every swimming cycle (obligate),

whereas-bursts are more variable and do
not necessarily occur in every swimming
cycle (facultative). The sb. of the
normalized time of maximum opposite
bending is plotted on a point in the center
of the body. Sample sized) individual
A, TAu=52, TAz=20, OL=52, OpB=40,
OERy=52, OER=26, OES=52, OE$=3;
individual B, TAs=21, TA3=21, OL=20,
OERy=21, OER=4, OES=21, OES$-8.
OES, m. obliquus externus superficialis;
OEP, m. obliquus externus profundus; Ol,
m. obliquus internus; TA, m. transversus
abdominis. *Denotes the side of the body
on which the electrodes were implanted.

the B-bursts was generally less than half that of dHeursts

(Fig. 6).

Discussion

Individud A
*
*
Berd N=52 cycles
TA — .  ——{ 3 — !
Ol — :
OEP —— —1__ l
CEs — NG — 1 l
: ' | Individud B
Berd :
¥ | N=21 cycles
TA — s — —{___ :
ol — :
OEP —— - l
OES —— —{ !
| | i
0

0 50
% of locomotion cycle

obliquus externus superficialis, OES; and m. obliquus externus
profundus, OEP). We also found that many swimming and
walking strides included two distinct bursts of EMG activity:
ana-burst, which is consistent with the EMG pattern reported
previously for Dicamptodon ensatusluring walking and

The lateral hypaxial musculature #imbystoma tigrinum swimming (Carrier, 1993); and @-burst not previously
exhibits different patterns of muscle activity during swimmingreported for the lateral hypaxial muscles of salamanders.

versuswalking. During swimming, all four lateral hypaxial

muscle layers are active simultaneously on the flexing side of a-burst muscle activity during swimming

the body. In contrast, during walking, the medial hypaxial During swimming, all four layers of lateral hypaxial
layers (m. obliquus internus, Ol, and m. transversus abdominisyusculature irA. tigrinumare active simultaneously to bend
TA) are active out of phase with the more lateral layers (m(flex) the body towards the active side (Fig. 4, Fig.dA).

Table 3.Pair-wise comparisons @f-burst onset times (relative to maximum body bending) between the four lateral hypaxial
muscle layers

Swimming Walking
Muscle pair Individual A Individual B Individual A Individual B Individual C
TA, Ol 0.06 0.96 0.20 0.53 0.48
TA, OEP 0.52 0.27 <FE> <KES —
TA, OES *x * S <rRS <EES
Ol, OEP 0.013 0.29 <KES <rES —
Ol, OES *k * <FES <FES <R
OEP, OES xk 0.09 0.93 0.01 -

Significance was assessed by one-way ANCOVA with Fisher pairoséhoctests (with locomotor cycle duration as covariate).
Significance levels were Bonferroni/Dunn-corrected for multiple comparisons; comparisons are not significaR&0rdess

<> symbols indicate those muscle pairs that we predicted would have significantly different onset times on the basis 0éguésidnas
Dicamptodon ensatu€arrier, 1993).

TA, m. transversus abdominis; OIl, m. obliquus internus; OEP, m. obliquus externus profundus; OES, m. obliquus externus superficialis

*P<0.008; **P<0.0008.




burst activity occurs in every stri
cycle and begins just prior to 1
beginning of flexion towards the si
of electrode placement. The patt
and timing we report fom-bursts fron
A. tigrinumare in agreement with t
activity patterns observed from |
hypaxial muscles ob. ensatusiuring
swimming (Carrier, 1993). Our rest
from A. tigrinum support th
hypothesis (Carrier, 1993) that the f
lateral hypaxial muscle layers
synergistically to bend the body dur
swimming in salamanders.

A number of studies have examil
the EMG activity patterns of epaxi
lateral hypaxial and limb muscl
during salamander swimming (Carr
1993; D’Ao(t et al., 1996; Delvolvé
al., 1997; Frolich and Biewener, 19¢
The combined results of these stu
provide an integrated view of mus
activity in these different musc
groups. During swimming, salamanc
hold their limbs close to the bo
and bend using symmetrical late
undulations that travel from anterior
posterior at increasing amplitu
(Carrier, 1993; D'Aolt et al., 199
Delvolvé et al.,, 1997; Frolich a
Biewener, 1992; Gillis, 1997). -~
produce this body bending, salaman
activate the epaxial musculature i
traveling wave from anterior
posterior (D’Ao(t et al., 1996; Delvol
et al.,, 1997; Frolich and Biewen
1992). In addition to the epax
contribution, synergistic activation
the lateral hypaxial muscles also he
to bend the body during swimming.
tigrinum, present study;D. ensatus
Carrier, 1993) while tonic activation
the limb muscles holds the append:
close to the body (Delvolvé et
1997).

Because we recorded EMG acti
from only one mid-trunk position fi
each lateral hypaxial muscle layer,
were unable to determine whet
traveling waves or standing waves
EMG activation from the hypaxi
muscles are used during swimming
would be interesting to determi
whether several electrodes placed a
the hypaxial muscles would detec
traveling wave of EMG similar to th
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Fig. 8. Summary diagram showing the onset and duration of lateral hypaxial muscle activity
relative to maximum body bending and footfall pattern in tie®ystoma tigrinunduring
walking. Means and standard deviations debursts (filled bars)B-bursts (open bars) and
limb onset and offset times are calculated from values normalized to stride duxabiorsts

occur during every locomotor cycle, where@sursts are facultative. The.p. of the
normalized time of maximum opposite bending is plotted on a point in the center of the body.
LH, left hindlimb; LF, left forelimb; RH, right hindlimb; RF, right forelimb. Sample si2ds (
individual A, TA(=28, TA3=25, OL=27, Op=27, OER=28, OER=23, OES=26, OE$=26;
individual B, TAq=30, TA3=28, OL=31, Op=31, OER=21, OER=27, OE%=31, OE$=31;
Individual C, TA=37, TAz=6, OlL=38, Og=28, OES=38, OE$=10. OES, m. obliquus
externus superficialis; OEP, m. obliquus externus profundus; OI, m. obliquus internus; TA, m.
transversus abdominis. *Denotes the side of the body on which the electrodes were implanted.
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seen in the expaxial muscles of swimming salamandeistensity and more variable in occurrencefintigrinumthan
(D’Aolt et al.,, 1996; Delvolvé et al., 1997; Frolich and area-bursts.

Biewener, 1992). During swimming and walking, &-burst occurs between
o _ _ two successive-bursts (Fig. 4, Fig. 5, Fig. 7, Fig. 8). During
a-burst muscle activity during walking swimming, this lower-intensity activity suggests that the

The patterns ofa-burst activation we observed during muscles on the extending side of the body are undergoing
walking in A. tigrinumare similar to the patterns foundn  active lengthening and are exerting forces in opposition to
ensatus(Carrier, 1993). Unlike swimming, the TA and Ol bending. During walking, some of the torsional moments
muscles are active together on the extending side of the bodgnerated by tha-burst activity may be countered by tie
at the same time as the OEP and OES muscles are actlvarst activity. The function of this antagonistic coactivation is
together on the flexing side of the body during walking (Fig. 5unclear, but we speculate that it may increase body stiffness,
Fig. 8). The onset afi-burst muscle activity from the TA and improve coordination and contribute to bending during
IO muscles is associated with hindlimb support and bodyalking.
extension, while the EOP and EOS muscles are active on theThe-burst activity observed in the lateral hypaxial muscles
opposite side of the body during forelimb support and bodpf A. tigrinum may produce increases in muscle and body
flexion (Fig. 8). These data from. tigrinum are consistent stiffness. Increasing body stiffness through bilateral
with the hypothesis (Carrier, 1993) that the lateral hypaxiatoactivation of muscles has been demonstrated to occur in
muscles of salamanders act to counteract torsional forcegveral fishes (Long, 1998; Long and Nipper, 1996; Westneat
translated to the trunk by the limbs during walking. et al., 1998). In eelsAfguilla rostratg, activation of the axial

The finding that two salamanders from two familiesmuscles has been shown to increase body stiffness by as much
(Ambystomatidae and Dicamptodontidae) both show a motaas three times (Long, 1998). Other studies on fishes have found
pattern consistent with torsion control suggests that the latertidat simultaneous contraction of locomotor muscles on both
hypaxial muscles may act to control torsion during terrestriasides of the fish can stiffen the body, which may enhance force
locomotion in many salamanders. However, the extent transmission during fast-starts (Westneat et al., 1998).
which other tetrapods use hypaxial muscles for torsion control Coactivation of the lateral hypaxial musculature during
remains unclear. In dogs, the oblique intercostal muscldscomotion may also hel@\. tigrinum with body control.
function to stabilize the rib cage and trunk against groun€oactivation of muscles is a common strategy that
reaction forces, but not in a pattern consistent with torsioallows animals to achieve controlled movement (e.g. lobster
control (Carrier, 1996). In green iguands iguang, the  Homarus americanysAyers and Davis, 1977; salamanders
oblique lateral hypaxial muscles provide stabilization of theDicamptodon tenebrosusAshley-Ross and Lauder, 1997,
trunk by counteracting long-axis torsion generated by groundats, Buford and Smith, 1990; newvileurodeles wall
reaction forces during walking (Carrier, 1990). However, otheDelvolvé et al., 1997). Humans often coactivate the
studies of monitor lizards and green iguanas during high-spe@ghtagonistic muscles that act about the wrist and ankle joints
locomotion indicate that the external oblique is not active tdo achieve controlled and stable movements (Nielsen, 1998).
stabilize the trunk, but instead contributes primarily to lateraln a newt,Pleurodeles waltldouble bursts of EMG activity
bending of the body (Ritter, 1996). recorded during locomotion from the anterior and posterior

Articulations between vertebrae would not be expected toegions of the epaxial muscles and from several limb
resist torsion during terrestrial locomotion in salamanderanuscles are thought to help with motor control (Delvolvé et
Even in snakes and some lizards with relatively more compleal., 1997). The double bursts of EMG activity observeA.in
vertebral articulations, torsion about the long axis of the bodsigrinum could help the animal achieve roll, yaw and pitch
is possible (Moon, 1999). Given that torsion does not appeaontrol during swimming and control body flexion during
to be prevented by bony articulations in salamanders awalking.
squamates, it is possible that one function of the lateral Although the overall pattern af-burst activation during
hypaxial muscles may be to prevent torsion. walking is consistent with the torsion control hypothesis

(Fig. 2C), some of thex and  muscle activity could also
B-burst muscle activity during swimming and walking  contribute to lateral bending. Lateral hypaxial muscles are

Not previously reported for swimming or walking is the active on the flexing side of the body (Fig. 8, second half of
second, lower-intensity burst of EMG activity that we observedhe cycle,B-bursts in TA and Ol andi-bursts in OES and
in the hypaxial muscleg{bursts). The3-bursts reported here OEP), and if these muscles generate larger bending moments
for A. tigrinumare similar to the secondary (or facultative) than the contralateral muscles, then the hypaxial muscles could
bursts recorded from the axial and appendicular muscles obntribute to bending as well as torsion control. Direct
other amphibians and birds in that they vary in burst intensitgvidence supporting the hypothesis that the lateral hypaxial
and duration compared with the primary EMG burst (Ashleymuscles may contribute to body bending comes from
Ross, 1995; Ashley-Ross and Lauder, 1997; Delvolvé et aldenervation experiments of the lateral hypaxial musclés. of
1997; Goslow et al., 1989). As was found for the secondargnsatugO’Reilly et al., 2000). In that study, it was found that,
and primary bursts of other vertebratBdyursts are lower in  when the lateral hypaxial muscles were made inacfiie,
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ensatusexhibited reduced lateral bending (O'Reilly et al., of the passive exhalation hypothesis for a terrestrial caediammophis
2000). If the lateral hypaxial muscles do indeed contribute tg Mexicanus. Copeiad99 206-209.

. . . S Biewener, A. A. and Gillis, G. B(2000). Dynamics of muscle function during
bOdy bendlng durlng Walklng, then it is “kely that they locomotion: accommodating variable conditions. Exp. Biol. 202

contribute to both bending and torsion control, with torsion 3387-3396.
control being effected by the greater amplitude ofothimirsts Brainerd, E. L. e_md Monroy, J A. (1998_). Mechanics_ of lung ventilation in
. a large aquatic salamand8iren lacertinaJ. Exp. Biol 201, 673—-682.
relative to thq?"burSts' Brainerd, E. L. and Simons, R. S(2000). Morphology and function of lateral
hypaxial musculature in salamandeksn. Zool.40, 77-86.

Concluding remarks Buford, J. A. and Smith, J. L. (1990). Adaptive control for backward
. . . quadrupedal walking. 1. Hindlimb muscle synergi@sNeurophysiol64,
The lateral hypaxial musculature . tigrinum is an 756-766.

example of a muscle group that achieves multiple functions bgarrier, D. R. (1990). Activity of the hypaxial muscles during walking in the

varying the pattern and timing of muscle activation. During_ lizardIguana iguanaJ. Exp. Biol 152, 453-470.
Carrier, D. R. (1993). Action of the hypaxial muscles during walking and

swimming, the lateral hyan|§1I musclgs act synerglstlcally to swimming in the salamandBicamptodon ensatug. Exp. Biol 180,75-83.
bend the body. However, during walking, these muscles showarrier, D. R. (1996). Function of the intercostal muscles in trotting dogs:
an alternating EMG activity pattern that is consistent with the_ventilation or locomotiond. Exp. Biol 199 1455-1465.

. . . . D’'Aolt, K., Aerts, P. and De Vree, F.(1996). The timing of muscle strain
torsion  control hypothe5|s (Camer' 1993)' During both and activation during steady swimming in a salamanfietbystoma

swimming and walking, we also see a lower-intenBiyurst mexicanum. Neth. J. Zoal6, 263-271.

within each cycle. Theggbursts may increase body stiffness, DelVoVé, 1., Tiaza, B. and Cabelguen, J1997). Epaxial and limb muscle
activity during swimming and terrestrial stepping in the adult newt,

provide fine motor control and contribute to body bending. In" pjeyradeles waltld. Neurophysiol78, 638—650.
agreement with a recent summary of muscle function duringrolich, L. M. and Biewener, A. A.(1992). Kinematic and electromyographic

aquatic and terrestrial locomotion (Biewener and Gillis, 2000), analysis_ of the functional role of the body ax_is _during terrestria_d and aquatic
locomotion in the salamandékmbystoma tigrinumJ. Exp. Biol 162

we conclude that the lateral hypaxial muscles\ofigrinum 107-130.
show changes in recruitment pattern to accommodate bothilis, G. B. (1997). Anguilliform locomotion in an elongate salamander
aquatic and terrestrial habitats. (Siren intermedig effects of speed on axial undulatory movemeht&xp.

Biol. 200, 767—961.
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