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The larval stage of the tiger salamander Ambystoma
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
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

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.
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 pum
exhalation, evolution, physiology, Amphibia, Lissamphibia, Urodela
hypaxial muscle, salamander, Ambystoma tigrinum.
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The larvae of the tiger salamander Ambystoma tigrinumlive
entirely in water until their metamorphosis into terrestri
adults. The larvae exhibit several features which specia
them for obtaining oxygen from water, such as external g
and thin, highly vascularized skin. Even with these featur
however, larval tiger salamanders rely on their lungs for a la
proportion of the total oxygen required. Previous studies ha
found that 40–60 % of the oxygen is obtained through the lun
when the larvae are in normoxic water at temperatures rang
from 15 to 25 °C (Whitford and Sherman, 1968; Heath, 197
In hypoxic water at 23 °C, 70 % of the oxygen is obtained fro
the lungs (Heath, 1976).

Little is known about the lung ventilation mechanism o
larval tiger salamanders. Superficial observations have sho
that they inspire using a buccal pump (Whitford and Sherm
1968), but nothing is known about the pattern of air trans
between the atmosphere, buccal cavity and lungs, or abou
mechanics of exhalation. Lung ventilation in salamanders 
been investigated in only three species, Siren lacertina,
Amphiuma tridactylumand Necturus maculosus(Martin and
Hutchison, 1979; Brainerd et al. 1993; Brainerd and Monroy,
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1998), although the literature on gas exchange during bimo
and trimodal breathing in salamanders is extensive (e
Whitford and Sherman, 1968; Toews, 1973; Guimond a
Hutchison, 1976; Heath, 1976; Boutilier et al.1980; Burggren
and Wood, 1981; Ultsch and Duke, 1990).

Previous studies of respiratory mechanics in amphibians a
lungfishes have revealed a shared pattern of gas transfer kn
as a two-stroke buccal pump (Brainerd et al. 1993; Brainerd,
1994). Two-stroke breathing has been observed in lungfis
(Bishop and Foxon, 1968; McMahon, 1969), frogs (e.g. d
Jongh and Gans, 1969; Wang, 1994), salamanders (Braineret
al. 1993; Brainerd and Monroy, 1998) and a caecilian (Carr
and Wake, 1995). In two-stroke breathing, both exhalation a
inhalation occur within one cycle of buccal expansion an
compression (named by analogy with a two-stroke engin
Because the buccal cavity is not emptied after exhalation, so
of the expired gas is mixed with fresh air in the buccal cav
and pumped back into the lungs. In contrast to the two-stro
buccal pump, many air-breathing fishes and a few amphibia
use a four-stroke buccal pump (Brainerd et al.1993; Brainerd,
1994). In four-stroke breathing, the buccal cavity compress
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and empties completely after exhalation, and then expands
compresses for a second time to pump fresh, unmixed air 
the lungs. Four-stroke breathing is found in basal, ray-finn
fishes, such as Amia and Lepisosteus, in two salamanders
(Amphiuma tridactylum, Brainerd et al.1993; Cryptobranchus
alleganiensis; E. L. Brainerd, personal observation) and on
frog (Xenopus laevis; Brett and Shelton, 1979).

For the purpose of comparing different breathin
mechanisms, a ‘lung ventilation efficiency’ (LVE) is define
here as the percentage of fresh air that is pumped into the lu
with each breath. The LVE of a four-stroke buccal pump
100 % because only fresh air is pumped into the lungs. T
LVE of a two-stroke pump is expected to be less than 100
because some expired air is rebreathed. A primary goal of 
study is to determine whether larval tiger salamanders us
two-stroke or a four-stroke buccal pump and to measure th
LVE using estimates of lung and buccal cavity volumes fro
X-ray video records of breathing.

A second goal of this study is to determine whether lar
tiger salamanders exhale actively or passively. Pass
exhalation is generally driven by elastic recoil of the lungs a
body wall (Liem, 1985). In aquatic animals, hydrostat
pressure also contributes to passive exhalation (Gans, 19
Passive exhalation has been found in ray-finned fish
lungfishes and caecilians (McMahon, 1969; Deyst and Lie
1985; Carrier and Wake, 1995). In contrast to pass
exhalation, active exhalation is produced by the contraction
the hypaxial musculature surrounding the body cavity, th
increasing body cavity pressure and driving air from the lun
Previous work on two salamander species, Siren lacertinaand
Necturus maculosus, showed that these salamanders exh
actively by contracting their lateral hypaxial musculatur
primarily the transverse abdominis muscle (Brainerd et al.
1993; Brainerd and Monroy, 1998). If the transverse abdom
is also found to be active during exhalation in larval tig
salamanders, then this result would contribute to a grow
body of evidence that the use of the transverse abdominis
exhalation is a primitive character for salamanders and perh
for all tetrapods (Brainerd et al. 1993; Brainerd and Monroy,
1998).

Materials and methods
Animals and recording conditions

Premetamorphic Ambystoma tigrinum (Greene) were
obtained from a scientific supplier (Sullivan’s Amphibian
Nashville, TN, USA) and maintained in water in a cold roo
(15 °C) in order to prevent metamorphosis. The largest poss
specimens were obtained; the 12 specimens used 
physiological recordings had snout–vent lengths 
11.5–12.6 cm. The animals were maintained on a diet
earthworms and were not fed for 2 days prior to experimen
All measurements were performed in air-equilibrated water
room temperature (21–23 °C), and animals were removed fr
the cold room and allowed to acclimate to room temperat
for at least 24 h before recordings began. At room temperat
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the animals breathed air regularly, approximately one brea
every 2–5 min, and thus it was not necessary to deoxygen
the water in order to induce air-breathing behavior.

Observations of air-breathing behavior in larval A. tigrinum
showed that, in water deeper than 6 cm, the animals had
swim to the surface to breathe. In shallower water, they had
bend their backs in a lordotic curve to raise their mouths abo
the surface of the water. Thus, all measurements we
performed in water 6 cm deep.

X-ray videography

X-ray videography was used to observe the pattern of 
flow between the atmosphere, buccal cavity and lungs. Bo
lateral and dorsoventral views were recorded from thre
individuals. From two individuals, five lateral and five
dorsoventral breaths were analyzed, and from the thi
individual, six lateral and three dorsoventral breaths we
analyzed. A Siemens cineradiographic unit with a Sireco
image intensifier and a Sony VX1000 digital camcorde
(shutter speed 1/250 s) were used to record X-ray videos a
time resolution of 60 fields s−1.

For kinematic analysis, video sequences were digitized w
a Radius Video Vision Studio computer board in a Macintos
computer. Video clips were deinterlaced and converted 
numbered PICT files at 60 fields s−1. The PICT files were
opened in NIH Image, and the projected areas of the buc
cavity and of one lung were traced and measured. The plots
area versustime were then averaged for the number of breath
collected (3–6 breaths in lateral and dorsoventral views p
individual).

Estimation of ventilation volumes

Mean lateral and dorsoventral areas were combined 
estimate the tidal volumes of the lungs and buccal cavity. T
lungs were modeled as elliptical cylinders. The length (l) of
the lungs was measured for each sequence and a mean v
was calculated. Dividing the mean dorsoventral and later
areas by the length of the lungs yielded mean values for 
major (x) and minor (y) axes of the ellipse. The volume (V) of
the elliptical cylinder was then calculated for each field o
video as V=πl(x/2)(y/2). Buccal volume could not be modeled
by a regular geometric shape. Instead, the mean lateral are
the buccal cavity in each field was multiplied by the mea
dorsoventral area and then divided by the length of the buc
cavity. This yielded an irregular shape that takes into accou
the lateral and dorsoventral areas of the buccal cavity, but h
square rather than rounded corners. The square corners 
cause a slight overestimate of buccal volume.

The volume estimates were used to calculate the change
buccal volume (Vb), expired volume (Ve), inspired volume (Vi)
and residual volume of air in the lungs after exhalation. F
each animal, a lung ventilation efficiency (LVE) was
calculated as (Vb−Ve)/Vb, and the proportion of buccal volume
pumped into the lungs was calculated as Vi/Vb.

Unfortunately, it is not clear how these volumes might b
verified by direct measurements of flow. The most commo
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technique for measuring ventilation volumes in aquatic a
breathers is blowhole pneumotachography (e.g. Boutilier, 19
Vitalis and Shelton, 1990). This technique cannot be used 
mouth-breathing salamanders, such as larval tiger salaman
because they thrust their snout above the surface when 
breathe (see Fig. 1). In a blowhole system, the snout displace
in the blowhole chamber, thus producing air-flow artifacts th
overwhelm the air-flow signals due to breathing. Furthermore
animals that use a two-stroke buccal pump, measuring air fl
at the mouth or nares yields values for the change in buc
volume, but this technique does not measure the tidal volum
the lungs (although any net inflation or deflation of the lungs c
be calculated). Thus, although the radiographic technique use
the present study only approximates mean air flow over sev
breaths, it is probably the best method for estimating volum
and flow rates in larval A. tigrinum.

Pressure recordings

Buccal and pleuroperitoneal cavity pressures were measu
as described by Brainerd et al. (1993). Salamanders were
anesthetized in a solution (1 g l−1) of tricaine methanesulfonate
(Finquel brand, Argent), buffered to pH 7 with sodium
bicarbonate. A small hole was drilled in the snout of th
animal, and a polyethylene cannula (1.27 mm o.d., PE 90) w
introduced into the buccal cavity. A 14 gauge hypoderm
needle was used to introduce a similar cannula into 
pleuroperitoneal cavity, outside the lungs. We began 
measure pressures 1–3 h after surgery, and continued to m
measurements for 24–48 h. No difference was noted betw
shorter and longer recovery times.

For recording pressures, Millar Microtip SPR-407 pressu
transducers were threaded down the cannulae. Pressures 
amplified 100× with Tektronics AM502 direct current
amplifiers and recorded on a Macintosh computer with a G
Instruments data acquisition board and SuperScope II softw
Pressure waves were digitized at 50 samples s−1.

Color-key graphics overlay (Televeyes Pro, Computer Ey
Inc.) was used to synchronize pressure waves with stand
and X-ray video recordings. Real-time pressure traces fr
SuperScope II were superimposed onto live video recordin
of animals breathing. The combined, synchronized imag
were then recorded on video cassette for analysis.

Electromyography

Four specimens were dissected to determine the muscle 
orientations of the four layers of lateral hypaxial musculatu
external oblique superficialis (EOS), external obliqu
profundus (EOP), internal oblique (IO) and transver
abdominis (TA). Fiber angles were measured for ten mus
fibers per myomere and two myomeres per individual.

Patch electrodes were used to minimize cross-talk betw
the thin sheets of lateral hypaxial musculature (Loeb and Ga
1986; Carrier, 1990). Recordings were made from the four lay
of lateral hypaxial musculature and from the rectus abdom
(RA). Patch electrodes were constructed from silastic shee
(Dow Corning, 0.25mm thick), fine wire (stainless stee
ir-
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0.051mm diameter) and liquid silicone. Electrodes wer
manufactured and implanted as described by Carrier (1993). T
TA electrode was placed between the TA and IO, with th
recording side facing the TA. The IO electrode was placed 
the same location, facing the IO. The EOS electrode was plac
between the EOS and EOP, facing the EOS; the EOP electro
was placed in the same location, facing the EOP.

Electromyograms (EMGs) were amplified 10 000× with
Grass Instruments P511J amplifiers, set to a bandpass of 30
to 10 kHz, with a 60 Hz band-stop filter. Most EMG signals
were digitized at 2000 points s−1, but EMGs from one
individual were digitized at 4000 points s−1. Power spectrum
density analysis of signals recorded at 4000 points s−1 showed
the main power of EMG frequencies to be in the range 100–5
Hz, indicating that a sampling rate of 2000 points s−1 was
sufficient to capture the onset and duration of the EMG signa
(Jayne et al. 1990). This sampling rate may not have bee
sufficient, however, to capture absolute amplitude informatio
(Moon, 1996). The relative amplitudes of the EMG signal
should, however, be indicative of the relative amplitudes of th
analog signals.

Pleuroperitoneal pressures were recorded simultaneou
with EMG signals, and all signals were synchronized wit
standard video recordings to confirm normal breathin
behavior for each breath.

Quantitative analysis of pressures and EMGs

Two pressure magnitudes and four timing variables we
measured from the buccal and body pressure traces of at le
20 breaths from four individuals: Pbody, the magnitude of body
pressure; Pbuccal, the magnitude of buccal pressure; Tbody, the
time from the beginning of mouth opening to peak bod
pressure; Tgape, the duration of open gape; Tbuccal, the time from
the beginning of mouth opening to peak buccal pressure; a
Ttotal, the total time required for lung inflation. Shapiro–Wilk
W-tests detected no deviation from normality in the variable
within each individual (P>0.05 for all variables), and thus a
one-way analysis of variance (ANOVA) was used to test fo
significant differences between individuals.

Two EMG variables were measured from each of the fiv
muscles studied: the onset of activity relative to the beginnin
of pressure increase in the body cavity, and the duration 
activity. Shapiro–Wilk W-tests detected no deviation from
normality in these variables (P>0.05 for all variables); a one-
way ANOVA was therefore used to test for significan
difference between individuals. In addition, a nested ANOVA
(individuals nested within experiment type) was used to te
for significant differences in body pressure magnitude betwe
EMG experiments and experiments in which only buccal an
body pressures were measured.

Results
Kinematics

The pattern of air transfer between the atmosphere, t
buccal cavity and the lungs is shown in still fields from a
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lateral-view X-ray video of lung ventilation in a larva
Ambystoma tigrinum(Fig. 1). Measurements of buccal an
lung areas in lateral projection for six breaths from o
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0.13 s
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Fig. 1. Still fields from an X-ray video record of lung ventilation in 
larval Ambystoma tigrinum, lateral view. The fields are printed as X
ray positive images to emphasize the light-colored air contained
the lungs and buccal cavity. The animal is immersed in water (g
background) and lifts its mouth to breathe above the surface 
white strip at the top of the fields). Between 0 and 0.08 s, the bu
cavity fills with air and exhalation occurs. Between 0.13 and 0.4
the buccal cavity compresses, filling the lungs with air, and extra
exits as bubbles from the gill slits. At 0.50 s, the remaining air in 
buccal cavity exits from the mouth.
l
d
ne

individual quantify the pattern of air transfer (Fig. 2). Lung
ventilation starts as the animal approaches the surface 
begins to open the mouth and expand the buccal cavity (n
that larval tiger salamanders are mouth-breathers, whereas
adults breathe through nares). Exhalation begins while t
buccal area is still expanding and continues for approximate
0.1 s. A small amount of air remains in the lungs at the end
exhalation. Peak buccal expansion occurs 30 ms after p
mouth gape, and a pause then ensues during which the bu
cavity remains full of air but no air is pumped into the lung
(Fig. 2, 0.12–0.25 s). Buccal compression then forces air in
the lungs, and the lungs are full by 0.40 s. After the lungs ha
been filled, some air remains in the buccal cavity; this air ex
the buccal cavity first from the gill slits (Fig. 1, 0.43 s) and the
from the mouth (Figs 1, 2, 0.50 s).

In dorsoventral projection, both lungs can be seen, as w
as the shape of the expanded buccal cavity (Fig.
Measurements of the dorsoventral area of the buccal cav
show that the maximum dorsoventral area is attained with
two frames after the beginning of mouth opening (Fig. 4) an
that the area remains near this maximum value until air
released from the mouth at the end of the breath (Fig.
0.55 s). For comparison with the lateral area in Fig. 2, t
dorsoventral area of only one lung is shown in Fig. 4. For t
three individuals studied, the mean maximum area chang
were: lateral lung, 1.5±0.09 cm2; dorsoventral lung,
1.2±0.21 cm2; lateral buccal cavity, 2.6±0.0.20 cm2;
dorsoventral buccal cavity, 4.6±0.05 cm2 (means ±S.E.M., N=3
individuals).
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Fig. 2. Lateral-view kinematics of lung ventilation in larval
Ambystoma tigrinum.Points and error bars represent mean ±S.E.M.
from six lateral X-ray sequences from one individual. The upper plot
shows the gape of the mouth. The middle plot shows the laterally
projected area of air contained in the buccal cavity. The lower plot
shows the area of air contained in the lungs, which is equivalent to
the area of only one lung because the lungs overlap in lateral
projection.
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Fig. 3. Still fields from an X-ray video record of lung ventilation in
larval Ambystoma tigrinum, dorsoventral view. The fields are printe
as X-ray positive images to emphasize the light-colored air in 
lungs and buccal cavity. Both lungs are visible in this view. Betwe
0 and 0.15 s, the buccal cavity fills with air and exhalation occu
Between 0.15 and 0.55 s, the buccal cavity compresses, filling
lungs with air, and extra air in the buccal cavity exits as bubb
from the mouth.
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Fig. 4. Dorsoventral-view kinematics of lung ventilation in larval
Ambystoma tigrinum.Points and error bars represent mean ±S.E.M.
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.

Table 1. Mean ventilation volumes for three larval
Ambystoma tigrinum

Vb Ve Vi

(ml) (ml) (ml) LVE

Larva 01 4.8 1.2 1.8 0.75
Larva 02 3.3 0.7 1.2 0.80
Larva 03 3.7 0.6 1.0 0.85
Mean±S.E.M. 4.0±0.44 0.8±0.20 1.3±0.24 0.80±0.03

Buccal volume (Vb), expired volume (Ve), inspired volume (Vi)
and the proportion of fresh air that is pumped into the lung (lung
ventilation efficiency, LVE) were calculated from estimated lung and
buccal volumes (see Fig. 5).

0 s

0.15 s

0.55 s
Buccal, expired and inspired volumes

Mean areas from lateral and dorsoventral views we
combined to provide an estimate of ventilation volumes 
each of the three individuals studied (Fig. 5; Table 1). T
total volume of air taken into the buccal cavity (Vb) was five
times the expired volume from the lungs (Ve) and three times
the inspired volume (Vi). The mean value of Ve was 38 %
smaller than the mean value of Vi. The mean velocity of bucca
expansion for the three individuals was 50.0±2.3 ml s−1 (4.0 ml
in 0.08 s) and the mean velocity of exhalation from the lun
was 8.9±1.5 ml s−1 (0.8 ml in 0.09 s). The mean residua
volume in the lungs at the end of exhalation was 0.1±0.06
(means ±S.E.M., N=3 individuals).

Buccal and body pressure

Pressures in the buccal and body cavities were recor
synchronously with X-ray videos of air breathing (Fig. 6). Th
body pressure trace showed a single increase associated
exhalation. The buccal trace was more complex. Buc
pressure dropped below atmospheric pressure as the bu
cavity began to expand (Fig. 6, point 1). It then returned
atmospheric pressure and remained level while the mouth 
open. The mouth then closed (point 3), and buccal press
increased to pump air into the lungs (point 4). The end of 
breath was defined as the time at which buccal press
returned to ambient (point 5), although there was often
subsequent increase in buccal pressure associated with
release of extra air from the buccal cavity.
re
for
he

l

gs
l
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Six variables were measured from the pressure traces o
least 20 breaths from four individuals (Table 2). In addition
body pressure magnitudes were measured from two individu
in which only body pressure was recorded. The points at whi
the variables were measured are shown on Fig. 6: Pbody, the
magnitude of body pressure (point 2); Pbuccal, the magnitude
of buccal pressure (point 4); Tbody, the time from the beginning
of mouth opening to peak body pressure (time between poi
1 and 2); Tgape, the duration of open gape (time between poin
1 and 3); Tbuccal, the time from the beginning of mouth opening
to peak buccal pressure (time between points 1 and 4); a
Ttotal, the total time required for lung inflation (time between
points 1 and 5). One-way ANOVA revealed significan
variation between individuals in all variables (Table 2).

Electromyograms of hypaxial musculature

In agreement with the results of Naylor (1978), dissectio
of four specimens revealed that A. tigrinumhas four layers of
lateral hypaxial musculature: external oblique superficial
(EOS), external oblique profundus (EOP), internal obliqu
(IO) and transverse abdominis (TA). The EOS is thinner tha
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pressure

Buccal area

Lung area
the other layers, with muscle fibers running from craniodor
to caudoventral at 54±4.3 ° to the longitudinal axis of the bod
The fibers of the EOP run in the same direction as those of
EOS, but at 16±2.4 ° to the longitudinal axis of the body. T
IO is also essentially longitudinal, with fibers running from
cranioventral to caudodorsal at 21±2.9 ° to the longitudinal a
of the body. The TA is the most transverse of the layers, w
fibers running in the same direction as those of the IO, bu
a steep angle of 60±2.0 ° (mean angles ±S.E.M. for N=4
individuals).

Electromyograms (EMGs) were measured from the fo
layers of lateral hypaxial musculature and the rectus abdom
(RA). EMG activity was observed in all four layers durin
exhalation in most breaths, and in the RA in approximately h
of the breaths. In the four individuals studied, the TA show
EMG signals with the greatest amplitude (Fig. 7). Howeve
the other layers also showed consistent, lower-amplitu
g
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Fig. 5. Buccal and lung volumes estimated by combining res
from lateral and dorsoventral X-ray video records for th
individuals. For larva 01, six lateral and three dorsoventral bre
were used to calculate the mean volumes; for larva 02 and larv
five lateral and five dorsoventral breaths were used. From these 
maximum buccal volume (Vb), expired volume (Ve) and inspired
volume (Vi) can be read. Note the small differences in y-axis scale
between individuals.

Time (s)
-0.1 0.40.30.20.10

Fig. 6. Buccal and body pressures synchronized with X-ray videos of
lung ventilation. The upper panel shows pressure measured in the
buccal cavity and in the body cavity outside the lungs. The lower
panel shows the projected areas of the lungs and buccal areas in
lateral view. For clarity, the pressure waves were filtered with a low-
pass filter (20 Hz cutoff) and kinematic plots were smoothed using a
three-point running average method. Zero pressure is atmospheric
pressure, and the baseline for body pressure is the ambient
hydrostatic pressure at the level of the transducer (approximately
3 cm water depth, 0.3 kPa). Points 1–5 refer to variables measured
from pressure traces, reported in Table 2.
activity. To be certain that all the electrodes were workin
properly, we recorded during undulatory swimming in eac
animal. These recordings showed that all the electrodes w
recording activity, with the exception of the EOS electrode 
two animals. Although the TA showed the largest-amplitud
activity during exhalation, the EOP tended to show the great
amplitude during undulation (Fig. 8).

During exhalation, the TA was active in every breath an
showed the earliest onset and longest duration of activ
(Fig. 9). The TA became active 10 ms before the body press
began to rise and ceased activity 15 ms before peak press
The EOS, EOP and IO also showed consistent activity, b
activity in these muscles began after and ceased before act
in the TA. The RA was the least consistently active, showi
activity in only 56 % of breaths (Fig. 9).

One-way ANOVA showed significant differences betwee
individuals in the onset and duration of all the EMG variable
Body pressure magnitudes were also significantly differe
between individuals. A nested ANOVA indicated that bod
pressures were significantly larger and more variable wh
recorded together with EMGs than when recorded alone
with buccal pressure only. When body pressure was measu
alone in two individuals with no other instrumentation, mea
pressures were 0.47 kPa and 0.62 kPa (Table 2). When b

ults
ree
aths
a 03,
plots,
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Fig. 7. Electromyograms of the lateral hypaxial
musculature recorded simultaneously with pressure in the
body cavity during exhalation. Zero pressure is
atmospheric pressure, and the baseline for body pressure
is the ambient hydrostatic pressure at the level of the
transducer (approximately 4 cm water depth, 0.4 kPa).
Muscle abbreviations: TA, transverse abdominis; IO,
internal oblique; EOP, external oblique profundus; EOS,
external oblique superficialis; RA, rectus abdominis.
and buccal pressures were measured simultaneously in 
individuals, mean body pressures were 0.39 kPa, with lit
variation between individuals (Table 2). During EMG
recordings, however, larger pressures were recorded. Press
from one individual were within the range of pressur
recorded in the absence of implanted EMG electrod
(0.53±0.02 kPa), and pressures in another individual were o
slightly larger (0.77±0.03 kPa). Body pressure magnitud
were much larger in the two other individuals, with means 
1.25±0.09 and 2.10±0.14 kPa. There were no obvio
differences, however, between the EMG signals of individu
for which larger and smaller pressure increases were recor

Discussion
The lung ventilation mechanism of larval Ambystoma

tigrinum is similar in many ways to the breathing mechanism
of previously studied salamanders, Necturus maculosusand
Table 2.  Variation between individuals of larval Ambystoma

Pbody* Pbuccal***
N (kPa) (kPa)

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
Larva D 20 0.40±0.07 1.25±0.12
Larva E 20 0.41±0.03 3.80±0.38
Larva F 20 0.36±0.05 1.03±0.07

Mean ± s.e.m. 0.44±0.04 1.98±0.63
(N=6) (N=4)

Means ±S.E.M. are given for each individual.
Body pressure only was measured in two individuals, and body
Significant between-individual variation is indicated (*P<0.05; **P<
Variables are defined in the text (see also Fig. 6).
four
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Siren lacertina(Brainerd et al. 1993; Brainerd and Monroy,
1998). All three salamanders use a two-stroke buccal pu
for inspiration, and all use the transverse abdominis (TA
muscle to power active exhalation. However, larval A.
tigrinum differs in that all of its lateral hypaxial muscle layers
are active during exhalation, not just the TA as in N.
maculosusand S. lacertina.

Two-stroke buccal pumping and ventilation efficiency

X-ray video records revealed that larval tiger salamande
use a two-stroke buccal pump for lung ventilation: exhalatio
and inhalation occur within one buccal expansion
compression cycle, and expired air mixes with fresh air in t
buccal cavity (Figs 1–5). A breath begins as the mouth ope
and the buccal cavity expands at a mean velocity of 50 ml s−1.
During this rapid buccal expansion, expired gas flows from t
lungs into the buccal cavity at a considerably slower velocit
8.9 ml s−1. Thus, the air flowing into the buccal cavity come
 tigrinumin timing and magnitude of buccal and body pressure

Tbody** Tgape*** Tbuccal*** Ttotal***
(ms) (ms) (ms) (ms)

− − − −
− − − −
95±5 160±5 404±6 561±8

107±5 158±4 366±6 469±6
88±3 142±5 372±7 514±15
96±5 100±6 354±18 501±26

97±4 140±14 374±11 511±20
(N=4) (N=4) (N=4) (N=4)

 and buccal pressure in four individuals. 
0.01; ***P<0.001).
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Time (s)

Lung ventilation

400 µV

TA

IO

EOP

RA

Time (s)

Undulation

0 0.05 0.1 0.15 0 0.05 0.1 0.15

Fig. 8. Electromyograms of the lateral
hypaxial musculature during lung
ventilation and swimming by lateral
undulation. The external oblique
superficialis is not shown because this
electrode did not record any muscle
activity in this individual. Muscle
abbreviations: TA, transverse
abdominis; IO, internal oblique; EOP,
external oblique profundus; RA, rectus
abdominis.
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Fig. 9. Summary diagram of body pressures and hypaxial muscle
electromyograms (EMGs) from at least 20 breaths from each of four
individual larvae. Means of four body pressure variables and two
electromyogram variables per muscle are shown ±S.E.M. Means are
calculated from the means for each individual, with standard errors
calculated using N=4 (not the total number of breaths). For EOS,
N=2 because this electrode did not work in two individuals. Zero
time (Tstart) is defined as the time that body pressure began to rise,
and zero pressure is the hydrostatic pressure at the level of the
transducer. In the upper panel, mean values for peak body pressure
(Ppeak), the time to peak pressure (Tpeak), the time when the pressure
wave ends (Tend) and the pressure at the end of the wave (Pend) are
shown. In the lower panel, the onset time for each muscle relative to
Tstart and the duration of EMG activity are shown. The RA was
active in only 56 % of breaths. Muscle abbreviations: TA, transverse
abdominis; IO, internal oblique; EOP, external oblique profundus;
EOS, external oblique superficialis; RA, rectus abdominis.
from two sources: fresh air flows into the mouth, and expir
air flows out from the lungs. Given that the buccal cav
expands more than five times faster than air flows out of 
lungs, fresh air must be flowing into the mouth at a hi
velocity (50−8.9=41.1 ml s−1), and the expired air cannot leav
the mouth against this inflow. The expired air mixes with fre
air in the buccal cavity, and some of this mixture (30 %) 
pumped into the lungs. The remaining air in the buccal cav
is then expelled through the gill slits and mouth (Figs 1–3)

Because expired air is pumped back into the lungs, this tw
stroke breathing mechanism might be expected to result 
rather poor lung ventilation efficiency (LVE, defined as th
percentage of fresh air that is inspired). However, the sm
volume of expired air (0.8 ml) in the buccal cavity is dilute
by a fourfold larger volume of fresh air (3.2 ml), such that t
final mixture is 80 % fresh air (LVE=3.2/4.0). In salamande
there is no anatomical dead space (since the lungs origi
close to the glottis), but the expired air retained in the buc
cavity can be viewed as analogous to the dead space
mammalian lungs. For comparison, in a 70 kg human breath
at rest, the tidal volume is 500 ml and the dead space is 150
indicating that 350 ml of fresh air is mixing with the expire
air in the dead space, yielding an LVE of 70 % (Guyton a
Hall, 1997). Thus, the two-stroke pump is comparable 
efficiency with the mammalian aspiration system, although
is less efficient than a four-stroke buccal pump, in which 
expired air is rebreathed (100 % LVE; Brainerd et al.1993).

Larval tiger salamanders exhale almost completely a
exchange a large proportion of the air in their lungs with ea
breath (Figs 1, 5). The mean residual volume in the lungs
the end of exhalation is 0.1 ml, which mixes with 1.3 ml 
inspired air, of which 1.0 ml is fresh air and 0.3 ml is expire
air. As a result, the final lung volume is 1.4 ml, of which 71
is fresh air. Other aquatic salamanders studied to date 
exhale most of the air from their lungs with each breath (Mar
and Hutchison, 1979; Brainerd et al. 1993; Brainerd and
Monroy, 1998), but terrestrial salamanders have much sma
tidal volumes relative to their total lung volumes (E. L
Brainerd, personal observation).

The mean expired volumes in larval tiger salamanders w
38 % smaller than the inspired volumes (Table 1; Fig. 5). P
ed
ity
the
gh
e
sh
is
ity
.

of this difference is probably due to oxygen removed from th
air, which is not replaced by an equal volume of CO2 because
most of the CO2 is exchanged through the skin and gills
(Whitford and Sherman, 1968; Heath, 1976; Boutilier, 1984
However, even if all the oxygen were extracted and no CO2

replaced, oxygen uptake could account for a maximu
difference of only 21 % between the expiratory and inspirato
volumes. The mean difference is greater than 21 %, a findi
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Dipnoi GymnophionaAnura AmniotaActinopterygii

Aspiration pump
Inspiration powered
by intercostal muscles

Expiration pump
Active exhalation powered by
transverse abdominis muscle
(buccal pump retained for inspiration)

Buccal pump
Lung ventilation powered by
cranial musculature only
(exhalation passive)

Caudata

Fig. 10. Simplified phylogeny of air-breathing vertebrates with
hypothesis for the evolution of aspiration breathing from buc
pump breathing (Brainerd et al. 1993). Ray-finned fishes
(Actinopterygii) and lungfishes (Dipnoi) utilize a buccal pump f
lung ventilation. Both salamanders (Caudata) and amniotes use
transverse abdominis for exhalation (expiration pump). Amnio
inhale using an aspiration pump.
that can be explained by the observation that the anim
sometimes exhaled small bubbles of air while submerg
between breaths.

The two-stroke buccal pump of larval A. tigrinumis almost
identical to the breathing mechanism of Necturus maculosus
(Brainerd et al. 1993). Both exhale while the buccal cavity 
expanding rapidly, causing all the expired air to be retained
the buccal cavity. The only mechanism available to incre
the LVE is to increase the total volume of air taken into t
buccal cavity, thus diluting the expired air with as much fre
air as possible. In contrast, other two-stroke breathers h
developed more complex breathing patterns that may serv
increase the LVE. The simplest of these is the addition
accessory inspirations after the first two-strok
expiratory–inspiratory cycle. The first cycle of bucc
expansion and compression pumps mixed air into the lun
but no expiration occurs on subsequent cycles, and fr
unmixed air is pumped into the lungs. The use of one a
sometimes two accessory inspirations has been observed
lungfish, Lepidosiren paradoxa(Bishop and Foxon, 1968;
Brainerd, 1994), and in an aquatic salamander, Siren lacertina
(Brainerd and Monroy, 1998). In caecilians, such 
Dermophis mexicanus, this mechanism is highly developed
with a mean of 16 fresh-air inspirations after the fir
expiratory–inspiratory cycle (Carrier and Wake, 1995).

Another strategy for increasing LVE is seen in the lungfish
Protopterus aethiopicusand Lepidosiren paradoxa and in a
salamander, Siren lacertina. These animals begin a breath b
expanding the buccal cavity only partially, and then st
expanding the cavity during exhalation. When exhalation h
been completed, the buccal cavity expands more fully, t
filling with mostly fresh air (Brainerd, 1994; Brainerd an
Monroy, 1998).

Frogs increase their LVE by performing a series 
asymmetrical, two-stroke breaths that lead to a net inflation
deflation of the lungs (e.g. de Jongh and Gans, 1969; Wa
1994). During an inflation series, the volume of air exhaled
als
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each breath is reduced and thus the proportion of air that
rebreathed is reduced. In addition, it has been suggested 
bullfrogs (Rana catesbeiana) use a jet-stream effect to cause
expired air to flow through the buccal cavity without mixing
substantially with the fresh air already contained there (d
Jongh and Gans, 1969; Gans et al.1969). When the jet-stream
hypothesis was tested using blowhole pneumotachography
Rana pipiens(Vitalis and Shelton, 1990), little evidence for a
coherent jet stream of expired air from the lungs was found.
jet stream is highly unlikely in larval tiger salamanders becau
air is flowing rapidly into the mouth during exhalation.

Active and passive exhalation in salamanders

Measurements of body cavity pressure synchronized with 
ray video recordings demonstrate that larval A. tigrinumexhale
actively (Fig. 6). Body cavity pressure begins to increas
shortly before exhalation begins, and exhalation ends as bo
pressure begins to decline. Exhalation is very rapid, occupyi
only approximately 0.1 s, and the increase in mean bo
pressure is 0.44 kPa (Table 2). Hypaxial muscle activity begi
shortly before body pressure starts to increase and cea
shortly before pressure begins to decline (Figs 7, 9).

Previous results have shown that exhalation is also acti
and fast in another aquatic salamander, Necturus maculosus
(Brainerd et al. 1993). Exhalation occurs in approximately
0.1 s in N. maculosus, and the mean increase in body pressur
is 0.70 kPa. Exhalation is much slower and partially passive
two elongate, aquatic salamanders, Siren lacertina and
Amphiuma tridactylum(Brainerd and Dumka, 1995; Brainerd
and Monroy, 1998). Exhalation takes approximately 0.5 s in S.
lacertinaand more than 2 s in Amphiuma tridactylum. The first
part of exhalation is passive in these salamanders, and bo
pressure then increases in the second half of exhalation to fo
the remaining air out of the lungs. The magnitude of th
increase in body pressure is smaller in S. lacertinathan in
larval A. tigrinumand N. maculosus(mean increase 0.20 kPa;
Brainerd and Monroy, 1998).

It is unclear why two distantly related, aquatic, non-elonga
salamanders (A. tigrinum and N. maculosus) exhale rapidly,
whereas two distantly related, aquatic, elongate salamand
(S. lacertinaand Amphiuma tridactylum) exhale more slowly.
An advantage of slower exhalation could be that a significa
proportion of the slow exhalation can be powered by passi
mechanisms, thus requiring less energy than fast exhalati
Hydrostatic pressure is an important component of the pass
phase of exhalation in elongate salamanders (Brainerd a
Dumka, 1995; Brainerd and Monroy, 1998). During
exhalation, elongate salamanders experience a larger grad
in hydrostatic pressure than do non-elongate salamand
because the caudal ends of their lungs are deeper in the wa
Thus, elongate salamanders may breathe more slowly to ta
advantage of hydrostatic pressure to power the first half 
expiration.

Electromyographic (EMG) recordings of the hypaxia
muscle layers in larval A. tigrinumindicate that all four layers
of lateral hypaxial musculature are active during exhalatio
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and the rectus abdominis is sometimes active (Figs 7–9). 
transverse abdominis (TA) showed the longest-duratio
highest-amplitude and most consistent activity of the fo
layers, suggesting that the TA is the primary expiratory mus
in larval A. tigrinum.

These results differ from previous results of EMG
recordings during exhalation in two other salamander spec
Necturus maculosusand Siren lacertina(Brainerd et al.1993;
Brainerd and Monroy, 1998). In N. maculosusand S. lacertina,
only the TA is active during exhalation, whereas in larval A.
tigrinum, the external oblique superficialis (EOS), extern
oblique profundus (EOP) and internal oblique (IO) are al
active. It is somewhat surprising to see activity in the EOP a
IO, since these layers have quite low muscle fiber angles (
and 21 ° to the horizontal axis, respectively) and thus ha
relatively poor mechanical advantage to compress the b
cavity for exhalation. The TA has the most-transverse fibers
any of the layers; it therefore has the best mechani
advantage for producing exhalation.

All four layers of lateral hypaxial musculature in larval A.
tigrinum, including the TA, are extremely thin. Even thoug
the other layers have poor mechanical advantage, they m
contribute to exhalation in larval tiger salamanders because
TA is so thin. It is also possible that the discomfort of EM
electrodes caused greater activity in the hypaxial layers th
might normally be present when the animals are breath
quietly at rest. Two of the four individuals generated bod
pressures that were 2–6 times larger than the mean press
recorded in animals without EMG electrodes (compare Fig
and 7). However, two of the individuals generated bo
pressures that were similar to non-EMG pressures, and all f
layers were active in these individuals as well.

The evolution of aspiration breathing

The finding that the TA muscle is active during exhalatio
in larval tiger salamanders contributes to a growing body 
evidence that the use of the TA for exhalation is a primiti
character for salamanders (Brainerd et al. 1993; Brainerd and
Monroy, 1998). Members of three families of salamande
Sirenidae, Proteidae and Ambystomatidae, have now b
shown to use the TA for exhalation. In all groups of amniote
the TA also contributes to active exhalation, which 
remarkable in view of the highly diverse body forms o
amniotes (turtles, Gaunt and Gans, 1969; snakes, Rosenb
1973; crocodilians, Gans and Clark, 1976; mammals, 
Troyer and Loring, 1986; birds, Fedde, 1987; lizards, Carri
1989). This finding, combined with evidence that the use of 
TA for exhalation is primitive for salamanders, suggests th
the use of the TA to power an active ‘expiration pump’ is
primitive character for tetrapods (Fig. 10). This conclusion 
supported by the observation that the TA muscle is pres
only in tetrapods and is absent from lungfishes, which exh
passively.

Frogs (Anura) and caecilians (Gymnophiona) have high
derived body forms; their exhalation mechanisms therefo
yield little reliable information about the evolution of TA
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function. In frogs, the lateral hypaxial musculature is reduce
from four layers to two, and these two layers are usually call
EO and IO, although homology is uncertain. Exhalation durin
quiet breathing in frogs is primarily produced by elastic reco
of the lungs (de Jongh and Gans, 1969), but hypaxial musc
produce forceful, active expirations during vocalization
(Martin and Gans, 1972). Caecilians exhale passively, 
behavior that appears to be a derived condition related to 
high internal pressures that they generate for locomoti
(Carrier and Wake, 1995; O’Reilly et al. 1997; Summers and
O’Reilly, 1997).

In the light of the finding that salamanders and amniot
share the use of the TA for exhalation, and since salamand
retain the most primitive body form of the extant amphibian
it is reasonable to conclude that an expiration pump power
by the TA is a synapomorphy for tetrapods (Fig. 10). If this 
so, it appears likely that aspiration breathing evolved fro
buccal pumping in two stages: first, from a buccal pump to 
expiration pump in which body muscles are recruited fo
exhalation (as seen in salamanders); and second, to 
aspiration pump in which body muscles are used for bo
exhalation and inhalation (as seen in amniotes).
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