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Summary

The larval stage of the tiger salamanderAmbystoma
tigrinum is entirely aquatic, but the larvae rely on their
lungs for a large proportion of their oxygen uptake. X-ray
video and pressure measurements from the buccal and
body cavities demonstrate that the larvae inspire using a
two-stroke buccal pump and exhale actively by contracting
the hypaxial musculature to increase body pressure.
Larvae begin a breath by expanding the buccal cavity to

fresh air and 20 % is previously expired air. Exhalation in
larval tiger salamanders is active, powered by contraction
of all four layers of lateral hypaxial musculature.
Electromyography indicates that the transverse abdominis
(TA) muscle is active for the longest duration and shows
the highest-amplitude activity, but the external oblique
superficialis, the external oblique profundus and the
internal oblique also show consistent, low-level activity.

draw in air through the mouth, while simultaneously
exhaling air from the lungs to mix with the fresh air in the
buccal cavity. The mouth then closes, and the buccal cavity
compresses to pump a portion of the mixture into the lungs.
The remaining air in the buccal cavity is then released as
bubbles from the mouth and gill slits. Ventilatory volumes
estimated from X-ray video records indicate that
approximately 80% of the air pumped into the lungs is

The finding that the TA muscle is active during exhalation

in larval tiger salamanders contributes to a growing body

of evidence that the use of the TA for exhalation is a
primitive character for tetrapods.

Key words: respiration, aspiration, buccal pump, pulse pump,
exhalation, evolution, physiology, Amphibia, Lissamphibia, Urodela,
hypaxial muscle, salamandémbystoma tigrinum

Introduction

The larvae of the tiger salamandenbystoma tigrinurtive 1998), although the literature on gas exchange during bimodal
entirely in water until their metamorphosis into terrestrialand trimodal breathing in salamanders is extensive (e.qg.
adults. The larvae exhibit several features which specializé/hitford and Sherman, 1968; Toews, 1973; Guimond and
them for obtaining oxygen from water, such as external gill$lutchison, 1976; Heath, 1976; Boutilietral. 1980; Burggren
and thin, highly vascularized skin. Even with these featuregnd Wood, 1981; Ultsch and Duke, 1990).
however, larval tiger salamanders rely on their lungs for a large Previous studies of respiratory mechanics in amphibians and
proportion of the total oxygen required. Previous studies havengfishes have revealed a shared pattern of gas transfer known
found that 40-60 % of the oxygen is obtained through the lungss a two-stroke buccal pump (Brain@tdal. 1993; Brainerd,
when the larvae are in normoxic water at temperatures rangiri®94). Two-stroke breathing has been observed in lungfishes
from 15 to 25 °C (Whitford and Sherman, 1968; Heath, 1976)Bishop and Foxon, 1968; McMahon, 1969), frogs (e.g. de
In hypoxic water at 23 °C, 70 % of the oxygen is obtained frondongh and Gans, 1969; Wang, 1994), salamanders (Brainerd
the lungs (Heath, 1976). al. 1993; Brainerd and Monroy, 1998) and a caecilian (Carrier

Little is known about the lung ventilation mechanism ofand Wake, 1995). In two-stroke breathing, both exhalation and
larval tiger salamanders. Superficial observations have shovimhalation occur within one cycle of buccal expansion and
that they inspire using a buccal pump (Whitford and Shermamrompression (named by analogy with a two-stroke engine).
1968), but nothing is known about the pattern of air transfeBecause the buccal cavity is not emptied after exhalation, some
between the atmosphere, buccal cavity and lungs, or about tbethe expired gas is mixed with fresh air in the buccal cavity
mechanics of exhalation. Lung ventilation in salamanders hamnd pumped back into the lungs. In contrast to the two-stroke
been investigated in only three speci&ren lacertinga  buccal pump, many air-breathing fishes and a few amphibians
Amphiuma tridactylumand Necturus maculosu@viartin and  use a four-stroke buccal pump (Brainetdl. 1993; Brainerd,
Hutchison, 1979; Braineret al. 1993; Brainerd and Monroy, 1994). In four-stroke breathing, the buccal cavity compresses
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and empties completely after exhalation, and then expands atite animals breathed air regularly, approximately one breath
compresses for a second time to pump fresh, unmixed air inevery 2-5min, and thus it was not necessary to deoxygenate
the lungs. Four-stroke breathing is found in basal, ray-finnethe water in order to induce air-breathing behavior.
fishes, such a®\mia and Lepisosteusin two salamanders Observations of air-breathing behavior in larakigrinum
(Amphiuma tridactylumBrainerdet al. 1993;Cryptobranchus  showed that, in water deeper than 6cm, the animals had to
alleganiensis E. L. Brainerd, personal observation) and oneswim to the surface to breathe. In shallower water, they had to
frog (Xenopus laevjsBrett and Shelton, 1979). bend their backs in a lordotic curve to raise their mouths above
For the purpose of comparing different breathingthe surface of the water. Thus, all measurements were
mechanisms, a ‘lung ventilation efficiency’ (LVE) is defined performed in water 6 cm deep.
here as the percentage of fresh air that is pumped into the lungs
with each breath. The LVE of a four-stroke buccal pump is X-ray videography
100% because only fresh air is pumped into the lungs. The X-ray videography was used to observe the pattern of air
LVE of a two-stroke pump is expected to be less than 100 %ow between the atmosphere, buccal cavity and lungs. Both
because some expired air is rebreathed. A primary goal of thigteral and dorsoventral views were recorded from three
study is to determine whether larval tiger salamanders useirdividuals. From two individuals, five lateral and five
two-stroke or a four-stroke buccal pump and to measure thediorsoventral breaths were analyzed, and from the third
LVE using estimates of lung and buccal cavity volumes fronmindividual, six lateral and three dorsoventral breaths were
X-ray video records of breathing. analyzed. A Siemens cineradiographic unit with a Sirecon
A second goal of this study is to determine whether larvamage intensifier and a Sony VX1000 digital camcorder
tiger salamanders exhale actively or passively. Passishutter speed 1/250s) were used to record X-ray videos at a
exhalation is generally driven by elastic recoil of the lungs antime resolution of 60fieldss
body wall (Liem, 1985). In aquatic animals, hydrostatic For kinematic analysis, video sequences were digitized with
pressure also contributes to passive exhalation (Gans, 1978@)Radius Video Vision Studio computer board in a Macintosh
Passive exhalation has been found in ray-finned fishespmputer. Video clips were deinterlaced and converted to
lungfishes and caecilians (McMahon, 1969; Deyst and Liennumbered PICT files at 60fieldds The PICT files were
1985; Carrier and Wake, 1995). In contrast to passivepened in NIH Image, and the projected areas of the buccal
exhalation, active exhalation is produced by the contraction afavity and of one lung were traced and measured. The plots of
the hypaxial musculature surrounding the body cavity, thuareaversustime were then averaged for the number of breaths
increasing body cavity pressure and driving air from the lungsollected (3—-6 breaths in lateral and dorsoventral views per
Previous work on two salamander spec&ggn lacertinaand  individual).
Necturus maculosyusshowed that these salamanders exhale
actively by contracting their lateral hypaxial musculature, Estimation of ventilation volumes
primarily the transverse abdominis muscle (Brainetdal. Mean lateral and dorsoventral areas were combined to
1993; Brainerd and Monroy, 1998). If the transverse abdominigstimate the tidal volumes of the lungs and buccal cavity. The
is also found to be active during exhalation in larval tigedlungs were modeled as elliptical cylinders. The lengjtrof
salamanders, then this result would contribute to a growinthe lungs was measured for each sequence and a mean value
body of evidence that the use of the transverse abdominis faras calculated. Dividing the mean dorsoventral and lateral
exhalation is a primitive character for salamanders and perhapeeas by the length of the lungs yielded mean values for the
for all tetrapods (Brainerdt al. 1993; Brainerd and Monroy, major ) and minor y) axes of the ellipse. The volumé) (of
1998). the elliptical cylinder was then calculated for each field of
video asv=ri(x/2)(y/2). Buccal volume could not be modeled
. by a regular geometric shape. Instead, the mean lateral area of
Materials and methods the buccal cavity in each field was multiplied by the mean
Animals and recording conditions dorsoventral area and then divided by the length of the buccal
Premetamorphic Ambystoma tigrinum (Greene) were cavity. This yielded an irregular shape that takes into account
obtained from a scientific supplier (Sullivan’s Amphibians,the lateral and dorsoventral areas of the buccal cavity, but has
Nashville, TN, USA) and maintained in water in a cold roomsquare rather than rounded corners. The square corners may
(15°C) in order to prevent metamorphosis. The largest possibtause a slight overestimate of buccal volume.
specimens were obtained; the 12 specimens used forThe volume estimates were used to calculate the change in
physiological recordings had snout-vent lengths obuccal volume\(), expired volume\(g), inspired volume\(;)
11.5-12.6cm. The animals were maintained on a diet adnd residual volume of air in the lungs after exhalation. For
earthworms and were not fed for 2 days prior to experimentgach animal, a lung ventilation efficiency (LVE) was
All measurements were performed in air-equilibrated water atalculated asMp—Ve)/Vh, and the proportion of buccal volume
room temperature (21-23 °C), and animals were removed fropumped into the lungs was calculatedva¥h.
the cold room and allowed to acclimate to room temperature Unfortunately, it is not clear how these volumes might be
for at least 24 h before recordings began. At room temperaturegrified by direct measurements of flow. The most common
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technigue for measuring ventilation volumes in aquatic air0.051mm diameter) and liquid silicone. Electrodes were
breathers is blowhole pneumotachography (e.g. Boutilier, 1984nanufactured and implanted as described by Carrier (1993). The
Vitalis and Shelton, 1990). This technique cannot be used farA electrode was placed between the TA and 10, with the
mouth-breathing salamanders, such as larval tiger salamandees;ording side facing the TA. The 10 electrode was placed in
because they thrust their snout above the surface when thiae same location, facing the 10. The EOS electrode was placed
breathe (see Fig. 1). In a blowhole system, the snout displaces b#tween the EOS and EOP, facing the EOS; the EOP electrode
in the blowhole chamber, thus producing air-flow artifacts thatvas placed in the same location, facing the EOP.

overwhelm the air-flow signals due to breathing. Furthermore, in Electromyograms (EMGs) were amplified 1080@ith
animals that use a two-stroke buccal pump, measuring air flo@rass Instruments P511J amplifiers, set to a bandpass of 30Hz
at the mouth or nares yields values for the change in buccal 10kHz, with a 60 Hz band-stop filter. Most EMG signals
volume, but this technique does not measure the tidal volume afere digitized at 2000points’s but EMGs from one

the lungs (although any net inflation or deflation of the lungs caimdividual were digitized at 4000 points's Power spectrum

be calculated). Thus, although the radiographic technique useddensity analysis of signals recorded at 4000 pofitsisowed

the present study only approximates mean air flow over severtéle main power of EMG frequencies to be in the range 100-500
breaths, it is probably the best method for estimating volumedz, indicating that a sampling rate of 2000 pointswas

and flow rates in larva\. tigrinum. sufficient to capture the onset and duration of the EMG signals
_ (Jayneet al. 1990). This sampling rate may not have been
Pressure recordings sufficient, however, to capture absolute amplitude information

Buccal and pleuroperitoneal cavity pressures were measur@doon, 1996). The relative amplitudes of the EMG signals
as described by Braineret al. (1993). Salamanders were should, however, be indicative of the relative amplitudes of the
anesthetized in a solution (178) of tricaine methanesulfonate analog signals.

(Finquel brand, Argent), buffered to pH7 with sodium Pleuroperitoneal pressures were recorded simultaneously
bicarbonate. A small hole was drilled in the snout of thewith EMG signals, and all signals were synchronized with
animal, and a polyethylene cannula (1.27 mm o.d., PE 90) wasandard video recordings to confirm normal breathing
introduced into the buccal cavity. A 14 gauge hypodermidehavior for each breath.

needle was used to introduce a similar cannula into the

pleuroperitoneal cavity, outside the lungs. We began to Quantitative analysis of pressures and EMGs

measure pressures 1-3h after surgery, and continued to mak&dwo pressure magnitudes and four timing variables were
measurements for 24—48h. No difference was noted betweemeasured from the buccal and body pressure traces of at least
shorter and longer recovery times. 20 breaths from four individual®hody, the magnitude of body

For recording pressures, Millar Microtip SPR-407 pressur@ressurePpuccai the magnitude of buccal pressufgsay the
transducers were threaded down the cannulae. Pressures wimee from the beginning of mouth opening to peak body
amplified 10& with Tektronics AM502 direct current pressureTgape the duration of open gapBiuccal the time from
amplifiers and recorded on a Macintosh computer with a G\he beginning of mouth opening to peak buccal pressure; and
Instruments data acquisition board and SuperScope |l softwarBotal, the total time required for lung inflation. Shapiro—Wilk
Pressure waves were digitized at 50 sampfes s W-tests detected no deviation from normality in the variables

Color-key graphics overlay (Televeyes Pro, Computer Eyesyithin each individual P>0.05 for all variables), and thus a
Inc.) was used to synchronize pressure waves with standaode-way analysis of variance (ANOVA) was used to test for
and X-ray video recordings. Real-time pressure traces fromignificant differences between individuals.

SuperScope Il were superimposed onto live video recordings Two EMG variables were measured from each of the five
of animals breathing. The combined, synchronized imagesuscles studied: the onset of activity relative to the beginning

were then recorded on video cassette for analysis. of pressure increase in the body cavity, and the duration of
activity. Shapiro—Wilk W-tests detected no deviation from
Electromyography normality in these variable®%0.05 for all variables); a one-

Four specimens were dissected to determine the muscle fibgay ANOVA was therefore used to test for significant
orientations of the four layers of lateral hypaxial musculaturedifference between individuals. In addition, a nested ANOVA
external oblique superficialis (EOS), external oblique(individuals nested within experiment type) was used to test
profundus (EOP), internal oblique (IO0) and transversdor significant differences in body pressure magnitude between
abdominis (TA). Fiber angles were measured for ten musclEMG experiments and experiments in which only buccal and
fibers per myomere and two myomeres per individual. body pressures were measured.

Patch electrodes were used to minimize cross-talk between
the thin sheets of lateral hypaxial musculature (Loeb and Gans,
1986; Carrier, 1990). Recordings were made from the four layers _ _
of lateral hypaxial musculature and from the rectus abdominis Kinematics
(RA). Patch electrodes were constructed from silastic sheeting The pattern of air transfer between the atmosphere, the
(Dow Corning, 0.25mm thick), fine wire (stainless steelbuccal cavity and the lungs is shown in still fields from a

Results
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lateral-view X-ray video of lung ventilation in a larval
Ambystoma tigrinun(Fig. 1). Measurements of buccal and

individual quantify the pattern of air transfer (Fig. 2). Lung
ventilation starts as the animal approaches the surface and

lung areas in lateral projection for six breaths from ondegins to open the mouth and expand the buccal cavity (note

0.08 s

Fig. 1. Still fields from an X-ray video record of lung ventilation in a
larval Ambystoma tigrinurrlateral view. The fields are printed as X-

that larval tiger salamanders are mouth-breathers, whereas the
adults breathe through nares). Exhalation begins while the
buccal area is still expanding and continues for approximately
0.1s. A small amount of air remains in the lungs at the end of
exhalation. Peak buccal expansion occurs 30ms after peak
mouth gape, and a pause then ensues during which the buccal
cavity remains full of air but no air is pumped into the lungs
(Fig. 2, 0.12-0.255s). Buccal compression then forces air into
the lungs, and the lungs are full by 0.40s. After the lungs have
been filled, some air remains in the buccal cavity; this air exits
the buccal cavity first from the gill slits (Fig. 1, 0.43s) and then
from the mouth (Figs 1, 2, 0.505s).

In dorsoventral projection, both lungs can be seen, as well
as the shape of the expanded buccal cavity (Fig. 3).
Measurements of the dorsoventral area of the buccal cavity
show that the maximum dorsoventral area is attained within
two frames after the beginning of mouth opening (Fig. 4) and
that the area remains near this maximum value until air is
released from the mouth at the end of the breath (Fig. 3,
0.55s). For comparison with the lateral area in Fig. 2, the
dorsoventral area of only one lung is shown in Fig. 4. For the
three individuals studied, the mean maximum area changes
were: lateral lung, 1.5+0.09¢&n dorsoventral lung,
1.2+0.21cm; lateral buccal cavity, 2.6+0.0.20ém
dorsoventral buccal cavity, 4.6+0.05¢(means #s.E.M., N=3
individuals).
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ray positive images to emphasize the light-colored air contained iFig. 2. Lateral-view kinematics of lung ventilation in larval
the lungs and buccal cavity. The animal is immersed in water (graAmbystoma tigrinumPoints and error bars represent measem.
background) and lifts its mouth to breathe above the surface (tHfrom six lateral X-ray sequences from one individual. The upper plot
white strip at the top of the fields). Between 0 and 0.08 s, the buccshows the gape of the mouth. The middle plot shows the laterally
cavity fills with air and exhalation occurs. Between 0.13 and 0.43 sprojected area of air contained in the buccal cavity. The lower plot
the buccal cavity compresses, filling the lungs with air, and extra ashows the area of air contained in the lungs, which is equivalent to
exits as bubbles from the gill slits. At 0.50s, the remaining air in ththe area of only one lung because the lungs overlap in lateral

buccal cavity exits from the mouth.

projection.
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Fig. 4. Dorsoventral-view kinematics of lung ventilation in larval
Ambystoma tigrinumPoints and error bars represent meagev.
from five dorsoventral X-ray sequences from one individual. The
upper plot shows the area of air contained in the buccal cavity, and
the lower plot shows the area of air contained in one of the two
lungs.

Lung area (cm?2) Bucca area (cm?)

Fig. 3. Still fields from an X-ray video record of lung ventilation in a

larval Ambystoma tigrinumdorsoventral view. The fields are printed ~ Six variables were measured from the pressure traces of at
as X-ray positive images to emphasize the light-colored air in thieast 20 breaths from four individuals (Table 2). In addition,
lungs and buccal cavity. Both lungs are visible in this view. Betweepody pressure magnitudes were measured from two individuals

0 and 0.15s, the buccal cavity fills with air and exhalation occursn which only body pressure was recorded. The points at which
Between 0.15 and 0.55s, the buccal cavity compresses, filling tt{ﬁe variables were measured are shown on FiBb&s, the
lungs with air, and extra air in the buccal cavity exits as bubble

from the mouth. Fnagnitude of body pr_essur_e (point _E’)juccm the magn_itU(_je

of buccal pressure (point 4pody the time from the beginning

of mouth opening to peak body pressure (time between points

Buccal, expired and inspired volumes 1 and 2)Tgape the duration of open gape (time between points
Mean areas from lateral and dorsoventral views wer& and 3);Thuccal the time from the beginning of mouth opening

combined to provide an estimate of ventilation volumes foto peak buccal pressure (time between points 1 and 4); and
each of the three individuals studied (Fig. 5; Table 1). Thdtotal, the total time required for lung inflation (time between
total volume of air taken into the buccal cavitgp)was five points 1 and 5). One-way ANOVA revealed significant
times the expired volume from the lung&)(and three times variation between individuals in all variables (Table 2).
the inspired volume\f). The mean value ofe was 38%
smaller than the mean value\4f The mean velocity of buccal Electromyograms of hypaxial musculature
expansion for the three individuals was 50.0+2.3%{4.0 ml In agreement with the results of Naylor (1978), dissection
in 0.08s) and the mean velocity of exhalation from the lungsf four specimens revealed thattigrinumhas four layers of
was 8.9+1.5mlg (0.8ml in 0.09s). The mean residual lateral hypaxial musculature: external oblique superficialis
volume in the lungs at the end of exhalation was 0.1+0.06 {EOS), external oblique profundus (EOP), internal oblique

(means 1s.e.M., N=3 individuals). (I0) and transverse abdominis (TA). The EOS is thinner than
Buccal and body pressure

Pressures in the buccal and body cavities were recordi  Table 1. Mean ventilation volumes for three larval
synchronously with X-ray videos of air breathing (Fig. 6). The Ambystoma tigrinum
body pressure trace showed a single increase associated w Vb Ve Vi
exhalation. The buccal trace was more complex. Bucc: (ml) (ml) (ml) LVE
pressure dropped below atmospheric pressure as the bucLarva o1 48 12 18 0.75
cavity began to expand (Fig. 6, point 1). It then returned ty 54 02 33 0.7 1.2 0.80
atmospheric pressure and remained level while the mouth w gpva 03 3.7 0.6 1.0 0.85

open. The mouth then closed (point 3), and buccal pressumeanssem.  4.0+0.44 0.8+0.20  1.3+0.24  0.80+0.03
increased to pump air into the lungs (point 4). The end of th

breath was defined as the time at which buccal pressu Buccal volume Yb), expired volume \(e), inspired volume \(;)
returned to ambient (point 5), although there was often and the proportion of fresh air that is pumped into the lung (lung
subsequent increase in buccal pressure associated with ventilation efficiency, LVE) were calculated from estimated lung and
release of extra air from the buccal cavity. buccal volumes (see Fig. 5).
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the other layers, with muscle fibers running from craniodorse Exhalation
to caudoventral at 54+4.3 ° to the longitudinal axis of the body <

The fibers of the EOP run in the same direction as those of tl
EOS, but at 16+2.4° to the longitudinal axis of the body. The

=
o

IO is also essentially longitudinal, with fibers running from & 0
cranioventral to caudodorsal at 21+2.9 ° to the longitudinal axi % L
of the body. The TA is the most transverse of the layers, wit 5 -1.0
fibers running in the same direction as those of the 10, but £ 50
a steep angle of 60+2.0° (mean angles.em. for N=4 al
individuals). -30L

Electromyograms (EMGs) were measured from the fou r Lung area
layers of lateral hypaxial musculature and the rectus abdomin
(RA). EMG activity was observed in all four layers during
exhalation in most breaths, and in the RA in approximately ha
of the breaths. In the four individuals studied, the TA showe!
EMG signals with the greatest amplitude (Fig. 7). However
the other layers also showed consistent, lower-amplitud

w
o
T

Lateral area (cm?)
N
. ©
' % —

Buccal area

=
o

o

N P P
-0.1 0 0.1 0.2 0.3 04

L Larva 01 Time (s)

al Fig. 6. Buccal and body pressures synchronized with X-ray videos of
L lung ventilation. The upper panel shows pressure measured in the

3 Vi buccal cavity and in the body cavity outside the lungs. The lower
panel shows the projected areas of the lungs and buccal areas in

2F Lung lateral view. For clarity, the pressure waves were filtered with a low-
L - F v Buccal pass filter (20 Hz cutoff) and kinematic plots were smoothed using a
1r- Ve ! three-point running average method. Zero pressure is atmospheric
O- _ _Oo. YooY Y pressure, and the baseline for body pressure is the ambient

hydrostatic pressure at the level of the transducer (approximately
4r Larva 02 3cm water depth, 0.3kPa). Pqints 1-5 refer to variables measured
r from pressure traces, reported in Table 2.

activity. To be certain that all the electrodes were working
properly, we recorded during undulatory swimming in each
animal. These recordings showed that all the electrodes were
Buccal recording activity, with the exception of the EOS electrode in
e e e L two animals. Although the TA showed the largest-amplitude
activity during exhalation, the EOP tended to show the greatest
amplitude during undulation (Fig. 8).

During exhalation, the TA was active in every breath and
showed the earliest onset and longest duration of activity
(Fig. 9). The TA became active 10 ms before the body pressure
began to rise and ceased activity 15ms before peak pressure.
The EOS, EOP and IO also showed consistent activity, but
activity in these muscles began after and ceased before activity
L L in the TA. The RA was the least consistently active, showing

0 0.1 0.2 03 0.4 05 activity in only 56 % of breaths (Fig. 9).
Time () One-way ANOVA showed significant differences between
individuals in the onset and duration of all the EMG variables.
_fror_n_ lateral and dorsove_ntral X-ray video records for threezgsgegr:eﬁ]s dL:\r/? dlﬁ?gnxuggzt:jengl\S/i Sirl%ri](l:f;zgﬂ{hzilfi)e;g;t
individuals. For larva 01, six lateral and three dorsoventral breath )

were used to calculate the mean volumes; for larva 02 and larva 03/€SSUres were Slgn_lflcantly larger and more variable when
five lateral and five dorsoventral breaths were used. From these plof§corded together with EMGs than when recorded alone or
maximum buccal volumeVg), expired volume \(s) and inspired ~ With buccal pressure only. When body pressure was measured
volume ) can be read. Note the small differencey-ixis scale  alone in two individuals with no other instrumentation, mean

between individuals. pressures were 0.47kPa and 0.62kPa (Table 2). When body

Volume (ml)

Lung

PR IR S S [ S T

Fig. 5. Buccal and lung volumes estimated by combining result
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Body pressure (kPa)

TA
Fig. 7. Electromyograms of the lateral hypaxial LAl 10
musculature recorded simultaneously with pressure in the
body cavity during exhalation. Zero pressure 40 HV N EOP
atmospheric pressure, and the baseline for body pressure
is the ambient hydrostatic pressure at the level of the N EOS

transducer (approximately 4cm water depth, 0.4kPa). WWMN"WW“ a RA

Muscle abbreviations: TA, transverse abdominis; 10, I T T T T
internal oblique; EOP, external oblique profundus; EOS, _g05 0 0.05 0.1 0.15 0.2 0.25
external oblique superficialis; RA, rectus abdominis. Time (9)

and buccal pressures were measured simultaneously in foBiren lacertina(Brainerdet al. 1993; Brainerd and Monroy,
individuals, mean body pressures were 0.39kPa, with [ittld998). All three salamanders use a two-stroke buccal pump
variation between individuals (Table 2). During EMG for inspiration, and all use the transverse abdominis (TA)
recordings, however, larger pressures were recorded. Pressumasscle to power active exhalation. However, larval
from one individual were within the range of pressuredigrinumdiffers in that all of its lateral hypaxial muscle layers
recorded in the absence of implanted EMG electrodesire active during exhalation, not just the TA asNn
(0.53+0.02 kPa), and pressures in another individual were onlpaculosusandS. lacertina
slightly larger (0.77+0.03kPa). Body pressure magnitudes
were much larger in the two other individuals, with means of =~ Two-stroke buccal pumping and ventilation efficiency
1.25+0.09 and 2.10+0.14kPa. There were no obvious X-ray video records revealed that larval tiger salamanders
differences, however, between the EMG signals of individualsse a two-stroke buccal pump for lung ventilation: exhalation
for which larger and smaller pressure increases were recordethd inhalation occur within one buccal expansion—
compression cycle, and expired air mixes with fresh air in the
_ _ buccal cavity (Figs 1-5). A breath begins as the mouth opens,
Discussion and the buccal cavity expands at a mean velocity of 50tmls
The lung ventilation mechanism of larvé@lmbystoma During this rapid buccal expansion, expired gas flows from the
tigrinumis similar in many ways to the breathing mechanismdungs into the buccal cavity at a considerably slower velocity,
of previously studied salamandenecturus maculosuand 8.9 mls?. Thus, the air flowing into the buccal cavity comes

Table 2 Variation between individuals of larvAimbystoma tigrinumn timing and magnitude of buccal and body pressure

Pbody* Pbuccal™* Tbody** Tgape* o Thuccal™* Trotal™™
N (kPa) (kPa) (ms) (ms) (ms) (ms)

Larva A 21 0.47+0.05 - - - - -
Larva B 20 0.62+0.07 - - - - -
Larva C 22 0.39£0.05 1.84+0.10 9515 1605 40416 561+8
Larva D 20 0.40+0.07 1.25+0.12 10745 15814 366+6 46916
Larva E 20 0.41+0.03 3.80+0.38 88+3 14245 37217 514+15
Larva F 20 0.36+0.05 1.03+0.07 96+5 100+6 354+18 501+26
Mean + s.e.m. 0.44+0.04 1.98+0.63 9714 140+14 37411 511+20

(N=6) (N=4) (N=4) (N=4) (N=4) (N=4)

Means s.e.M. are given for each individual.

Body pressure only was measured in two individuals, and body and buccal pressure in four individuals.
Significant between-individual variation is indicate@<€9.05; **P<0.01; ***P<0.001).

Variables are defined in the text (see also Fig. 6).
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Lung ventilation Undulation

TA WA A A
Fig. 8. Electromyograms of the lateral

hypaxial musculature during lung To

ventilation and swimming by lateral

undulation. The external oblique 400 pV

superficialis is not shown because this
. e NN e EOP

electrode did not record any muscle

activity in this individual. Muscle

abbreviations: TA, transverse RA

abdominis; 10, internal oblique; EOP, |, , . ¢+  + v v oo T T
external oblique profundus; RA, rectug 0.05 0.1 015 O 0.05 0.1 0.15
abdominis. Time (s) Time (s)

from two sources: fresh air flows into the mouth, and expiredf this difference is probably due to oxygen removed from the
air flows out from the lungs. Given that the buccal cavityair, which is not replaced by an equal volume oh®&cause
expands more than five times faster than air flows out of themost of the CQ@ is exchanged through the skin and gills
lungs, fresh air must be flowing into the mouth at a high{Whitford and Sherman, 1968; Heath, 1976; Boutilier, 1984).
velocity (50-8.9=41.1 mlIs1), and the expired air cannot leave However, even if all the oxygen were extracted and ng@ CO
the mouth against this inflow. The expired air mixes with freslieplaced, oxygen uptake could account for a maximum
air in the buccal cavity, and some of this mixture (30%) idifference of only 21 % between the expiratory and inspiratory
pumped into the lungs. The remaining air in the buccal cavityolumes. The mean difference is greater than 21 %, a finding
is then expelled through the gill slits and mouth (Figs 1-3).
Because expired air is pumped back into the lungs, this twc 14
stroke breathing mechanism might be expected to result in &
rather poor lung ventilation efficiency (LVE, defined as the&
percentage of fresh air that is inspired). However, the sma < os
volume of expired air (0.8 ml) in the buccal cavity is diluted &
by a fourfold larger volume of fresh air (3.2 ml), such that the .
final mixture is 80 % fresh air (LVE=3.2/4.0). In salamanders§ 0
there is no anatomical dead space (since the lungs origine
close to the glottis), but the expired air retained in the bucc:
cavity can be viewed as analogous to the dead space
mammalian lungs. For comparison, in a 70 kg human breathir
at rest, the tidal volume is 500 ml and the dead space is 150r
indicating that 350 ml of fresh air is mixing with the expired
air in the dead space, yielding an LVE of 70 % (Guyton ant — PO RA
Hall, 1997). Thus, the two-stroke pump is comparable ir -002 0 002 0.04 006 008 01 012 0.14 0.16 0.18
efficiency with the mammalian aspiration system, although i Time (s)
1S Iess efflc.lent than a four-stroke buccal pump, n which n(Fig. 9. Summary diagram of body pressures and hypaxial muscle
expired air is rebreathed (100 % LVE; Brainetdal. 1993).  glectromyograms (EMGs) from at least 20 breaths from each of four
Larval tiger salamanders exhale almost completely anindividual larvae. Means of four body pressure variables and two
exchange a large proportion of the air in their lungs with eacelectromyogram variables per muscle are shovee#. Means are
breath (Figs 1, 5). The mean residual volume in the lungs icalculated from the means for each individual, with standard errors
the end of exhalation is 0.1 ml, which mixes with 1.3 ml ofcalculated usingN=4 (not the total number of breaths). For EOS,
inspired air, of which 1.0ml is fresh air and 0.3ml is expirecN=2 because this electrode did not work in two individuals. Zero
air. As a result, the final lung volume is 1.4 ml, of which 71 %ime (Tstar) is defined as the time that body pressure began fo rise,
is fresh air. Other aquatic salamanders studied to date g/and zero pressure is the hydrostatic pressure at the level of the
exhale most of the air from their lungs with each breath (Martiltransducer. n the upper panel, mean valu_es for peak body pressure
and Hutchison, 1979; Braineret al. 1993; Brainerd and (Ppead), the time to peak pressuryéay, the time when the pressure

A wave endsTend and the pressure at the end of the wa@d( are
Monroy, 1998), but terrestrial salamanders have much Small'shown. In the lower panel, the onset time for each muscle relative to

tidal volumes relative to their total lung volumes (E. L.t and the duration of EMG activity are shown. The RA was
Brainerd, personal observation). active in only 56 % of breaths. Muscle abbreviations: TA, transverse

The mean expired volumes in larval tiger salamanders welabdominis; 10, internal oblique; EOP, external oblique profundus;
38 % smaller than the inspired volumes (Table 1; Fig. 5). PaEOS, external oblique superficialis; RA, rectus abdominis.
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each breath is reduced and thus the proportion of air that is
rebreathed is reduced. In addition, it has been suggested that
Aspiration pump bullfrogs Rana catesbeiafjause a jet-stream effect to cause

Inspiration powered expired air to flow through the buccal cavity without mixing
by intercostal muscles

Actinopterygii  Dipnoi  Caudata Anura Gymnophiona Amniota

o substantially with the fresh air already contained there (de
i’é{?”a“on pump Jongh and Gans, 1969; Gatsal. 1969). When the jet-stream

ive exhalation powered by . . .
transverse abdominis muscle hypothesis was tested using blowhole pneumotachography in

(buccal pump retained for inspiration)  Rana pipiengVitalis and Shelton, 1990), little evidence for a
Eb‘ﬁgfjleﬁ’q‘t‘i?;fi’on powered by coherent jet stream of expired air from the lungs was found. A
cranial musculature only jet stream is highly unlikely in larval tiger salamanders because
(exhalation passive) air is flowing rapidly into the mouth during exhalation.
Fig. 10. Simplified phylogeny of air-breathing vertebrates with a
hypothesis for the evolution of aspiration breathing from buccal Active and passive exhalation in salamanders
pump Dbreathing (Brainerdet al. 1993). Ray-finned fishes  Measurements of body cavity pressure synchronized with X-
(Actinopterygii) and lungfishes (Dipnoi) utilize a buccal pump for ray video recordings demonstrate that ladvaigrinumexhale

lung ventilation. Both salamanders (Caudata) and amniotes use tg‘(n:tively (Fig. 6). Body cavity pressure begins to increase

transverse abdominis for exhalation (expiration pump). Amniotegy  y "etore exhalation begins, and exhalation ends as body
inhale using an aspiration pump.

pressure begins to decline. Exhalation is very rapid, occupying
only approximately 0.1s, and the increase in mean body
that can be explained by the observation that the animaggessure is 0.44 kPa (Table 2). Hypaxial muscle activity begins
sometimes exhaled small bubbles of air while submergeshortly before body pressure starts to increase and ceases
between breaths. shortly before pressure begins to decline (Figs 7, 9).

The two-stroke buccal pump of lanAl tigrinumis almost Previous results have shown that exhalation is also active
identical to the breathing mechanismMécturus maculosus and fast in another aquatic salamandégcturus maculosus
(Brainerdet al. 1993). Both exhale while the buccal cavity is (Brainerd et al. 1993). Exhalation occurs in approximately
expanding rapidly, causing all the expired air to be retained i@.1 s inN. maculosusand the mean increase in body pressure
the buccal cavity. The only mechanism available to increase 0.70 kPa. Exhalation is much slower and partially passive in
the LVE is to increase the total volume of air taken into thewo elongate, aquatic salamandeiSiren lacertina and
buccal cavity, thus diluting the expired air with as much fresiAmphiuma tridactylunBrainerd and Dumka, 1995; Brainerd
air as possible. In contrast, other two-stroke breathers haamd Monroy, 1998). Exhalation takes approximately 0.5% in
developed more complex breathing patterns that may serve lecertinaand more than 2 s limphiuma tridactylumThe first
increase the LVE. The simplest of these is the addition gbart of exhalation is passive in these salamanders, and body
accessory inspirations after the first two-stroke pressure then increases in the second half of exhalation to force
expiratory—inspiratory cycle. The first cycle of buccalthe remaining air out of the lungs. The magnitude of the
expansion and compression pumps mixed air into the lungs)crease in body pressure is smallerSnlacertinathan in
but no expiration occurs on subsequent cycles, and fredarval A. tigrinumandN. maculosugmean increase 0.20 kPa;
unmixed air is pumped into the lungs. The use of one anBrainerd and Monroy, 1998).
sometimes two accessory inspirations has been observed in dt is unclear why two distantly related, aquatic, non-elongate
lungdfish, Lepidosiren paradoxaBishop and Foxon, 1968; salamandersA. tigrinumand N. maculosusexhale rapidly,
Brainerd, 1994), and in an aquatic salaman8igen lacertina  whereas two distantly related, aquatic, elongate salamanders
(Brainerd and Monroy, 1998). In caecilians, such agS. lacertinaand Amphiuma tridactylupnexhale more slowly.
Dermophis mexicanughis mechanism is highly developed, An advantage of slower exhalation could be that a significant
with a mean of 16 fresh-air inspirations after the firstproportion of the slow exhalation can be powered by passive
expiratory—inspiratory cycle (Carrier and Wake, 1995). mechanisms, thus requiring less energy than fast exhalation.

Another strategy for increasing LVE is seen in the lungfisheBlydrostatic pressure is an important component of the passive
Protopterus aethiopicuand Lepidosiren paradoxand in a phase of exhalation in elongate salamanders (Brainerd and
salamanderSiren lacertina These animals begin a breath by Dumka, 1995; Brainerd and Monroy, 1998). During
expanding the buccal cavity only partially, and then stogexhalation, elongate salamanders experience a larger gradient
expanding the cavity during exhalation. When exhalation hai; hydrostatic pressure than do non-elongate salamanders
been completed, the buccal cavity expands more fully, thusecause the caudal ends of their lungs are deeper in the water.
filling with mostly fresh air (Brainerd, 1994; Brainerd and Thus, elongate salamanders may breathe more slowly to take
Monroy, 1998). advantage of hydrostatic pressure to power the first half of

Frogs increase their LVE by performing a series ofexpiration.
asymmetrical, two-stroke breaths that lead to a net inflation or Electromyographic (EMG) recordings of the hypaxial
deflation of the lungs (e.g. de Jongh and Gans, 1969; Wanguuscle layers in larvah. tigrinumindicate that all four layers
1994). During an inflation series, the volume of air exhaled if lateral hypaxial musculature are active during exhalation,
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and the rectus abdominis is sometimes active (Figs 7-9). THienction. In frogs, the lateral hypaxial musculature is reduced
transverse abdominis (TA) showed the longest-duratiorfrom four layers to two, and these two layers are usually called
highest-amplitude and most consistent activity of the fouEO and IO, although homology is uncertain. Exhalation during
layers, suggesting that the TA is the primary expiratory musclguiet breathing in frogs is primarily produced by elastic recoll
in larval A. tigrinum of the lungs (de Jongh and Gans, 1969), but hypaxial muscles

These results differ from previous results of EMGproduce forceful, active expirations during vocalization
recordings during exhalation in two other salamander specie@ylartin and Gans, 1972). Caecilians exhale passively, a
Necturus maculosuendSiren lacertinaBrainerdet al. 1993;  behavior that appears to be a derived condition related to the
Brainerd and Monroy, 1998). M. maculosuandsS. lacertina  high internal pressures that they generate for locomotion
only the TA is active during exhalation, whereas in latval (Carrier and Wake, 1995; O’'Reilt al. 1997; Summers and
tigrinum, the external oblique superficialis (EOS), externalO’'Reilly, 1997).
oblique profundus (EOP) and internal oblique (IO) are also In the light of the finding that salamanders and amniotes
active. It is somewhat surprising to see activity in the EOP anshare the use of the TA for exhalation, and since salamanders
IO, since these layers have quite low muscle fiber angles (16é&tain the most primitive body form of the extant amphibians,
and 21° to the horizontal axis, respectively) and thus havit is reasonable to conclude that an expiration pump powered
relatively poor mechanical advantage to compress the body the TA is a synapomorphy for tetrapods (Fig. 10). If this is
cavity for exhalation. The TA has the most-transverse fibers @o, it appears likely that aspiration breathing evolved from
any of the layers; it therefore has the best mechanic@uccal pumping in two stages: first, from a buccal pump to an
advantage for producing exhalation. expiration pump in which body muscles are recruited for

All four layers of lateral hypaxial musculature in larval  exhalation (as seen in salamanders); and second, to an
tigrinum, including the TA, are extremely thin. Even thoughaspiration pump in which body muscles are used for both
the other layers have poor mechanical advantage, they mayhalation and inhalation (as seen in amniotes).
contribute to exhalation in larval tiger salamanders because the
TA is so thin. It is also possible that the discomfort of EMG | thank N. Kley, R. Simons and T. Hiebert for comments on
electrodes caused greater activity in the hypaxial layers thahe manuscript. Thanks to A. Berg and A. Dumka for help
might normally be present when the animals are breathingith data collection and to R. Pelis for help with video
quietly at rest. Two of the four individuals generated bodyanalysis. | am very grateful to F. A. Jenkins and the Museum
pressures that were 2—-6 times larger than the mean pressuséComparative Zoology, Harvard University, for the use of
recorded in animals without EMG electrodes (compare Figs the cineradiographic unit. This work was supported by NSF
and 7). However, two of the individuals generated bodyBN 9419892 to E.L.B.
pressures that were similar to non-EMG pressures, and all four
layers were active in these individuals as well.
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