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Summary

The extent to which lizards ventilate their lungs during  12.6 mlkg™2min~1). After exercise, both minute ventilation
locomotion is controversial. Direct measurements of and gas exchange rate decreased immediately. Because
airflow across the nostrils suggest a progressive reduction minute ventilation increased more than did oxygen
in tidal volume and minute ventilation with increased consumption, an increase in lungPo, during exercise is
running speed, while other studies have demonstrated that predicted and, thus, Varanus exanthematicusappears
arterial Po, remains constant during exercise. To resolve effectively to ventilate its lungs to match the increased
these conflicting findings, we measured minute ventilation metabolic rate during locomotion at moderate speed. In
and gas exchange rate in five specimens &faranus  Iguana iguang both minute ventilation and gas exchange
exanthematicusnd five specimens oiguana iguanaduring rate increased above resting values during locomotion at
treadmill locomotion at speeds between 0.14 and 1.11ms 0.28ms?, but both decreased with further increases in
at 35°C. These speeds are much lower than maximal locomotor speed. Furthermore, following exercise, both
running speeds, but are greater than the maximal aerobic minute ventilation and oxygen uptake rate increased
speed. In both species, the ventilatory pattern during significantly. Iguana iguana therefore, appears to be
locomotion was highly irregular, indicating an interference  unable to match the increased oxygen demand with
between locomotion and lung ventilation. InVaranus  adequate ventilation at moderate and higher speeds.
exanthematicus treadmill locomotion elicited a six- to
eightfold increase in minute ventilation from a pre-exercise Key words: reptile, lizard$/aranus exanthematicpiguana iguana
level of 102mlkgimin~l, whereas the rate of oxygen exercise, locomotion, ventilation, breathing pattern, gas exchange,
uptake increased approximately threefold (from 3.9 to cardiovascular.

Introduction

In most vertebrates, ventilation increases during physicdtom breathing during rapid locomotion because the hypaxial
activity to meet the increased metabolic demands of theuscles contribute to both ventilatory and locomotor
working muscles. In the lizardgaranus exanthematicind  movements. This interpretation was subsequently supported by
Iguana iguana measurements of arterial blood gases anelectromyographic recordings from the hypaxial muscles
pulmonary gas exchange rate indicate that ventilatiodluring walking and ventilation inguana iguana(Carrier,
adequately maintains arterial blood gas composition durin989, 1990). The disparity between the studies by Mit&tell
treadmill exercise at speeds greater than their maximal aeroldt (1981a,b) and Carrier (198%b) is not easily explained
speed (Mitchelet al.1981a,b; Bennett, 1994). In a subsequent since ineffective pulmonary ventilation during locomotion
study, Carrier (1989 measured inspired airflow across themust result in predictable changes in the composition of arterial
nostrils in four species of lizardgygana iguanaCtenosaura blood gases. However, because lizards often employ
similis, Varanus exanthematicasdVaranus salvatgrduring  intermittent locomotion, even on treadmills, it is possible that
rest, activity and recovery. At speeds greater than walkinglood gas composition is maintained by ventilating the lungs
speed, all four species displayed a progressive decrease in tidaring brief pauses between locomotor activity. The possible
volume, resulting in a decrease in total ventilation in spite oinability of lizards to ventilate their lungs effectively during
an increased breathing frequency. On the basis of thesaercise is in sharp contrast to the pattern observed in birds
findings and the musculoskeletal anatomy of lizards, Carrieand mammals and has important implications concerning the
(1987a,b) suggested that lizards are mechanically constraineelvolution of sustained locomotion in tetrapods (e.g. Carrier,
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1987; Bramble and Jenkins, 1989; Bennett, 1994; Ruberspecies of lizards. In preliminary experiments, we verified that
1995). the two experimental designs yielded similar values for O
Given the conflicting results of these studies, we reuptake and C@excretion rates. For the varanids, gas exchange
examined ventilatory responses to exercise Maranus rate was determined from minute ventilation (as measured by
exanthematicusand Iguana iguana Ventilation and gas pneumotachography) and exhaled gas composition in the gas
exchange were measured directly, both at rest and at speeadlected in the Mylar bags. Exhaled gas composition was

that were in excess of maximum aerobic capacity. analysed using Applied Electrochemistry, Gnd CQ
analysers (S-3A and CD-3A, respectively) connected in series.
Materials and methods From these measurementé, and Vco, were calculated as
Experimental animals (Fi0,-FE0,)V and Eeco,~Fico,)V, respectively, wher®/ is

Five savannah monitorsVgranus exanthematicuBosc) the volume of exhaled ga$; designates the inspired gas
with body masses ranging from 260 to 660g were purchasdffction and-e designates the expired gas fraction.\i} and
from a licensed supplier in Florida, USA, and transported byco. measurements were correctedten Forlguana iguana
air to Irvine, CA, USA. In addition, five green iguanigiana ~ 9a@s exchange rate was determined as described by Wang and
iguanaL.) weighing 330—1900 g were obtained from local petWarburton (1995). Briefly, the tubing leaving the nostrils was
stores. All lizards were housed in large terraria with free acce§®nnected to &-piece attached at both ends to gas-tight Tygon

to water and a thermal gradient and were maintained on tgbing. One end fed into the gas analysers (described above),
light:dark cycle of 12h:12h. connected in series, whereas the other served as a reservoir. An

Applied Electrochemistry flow pump, connected in series with
Measurement of ventilation and gas exchange rate  the gas analysers, maintained a constant gas flow froff the

In all experiments, the ventilatory airflows across the nostrilpiece and the gas analysers. The pneumotachograph was
were measured using pneumotachography. To provide a gasserted into the reservoir tubing and measured a decrease in
tight connection between the nostrils and thethe airflow rate during exhalation and an increase in the airflow
pneumotachograph, thin-walled Tygon tubing was inserted inttate during inhalation. In this system, the signal from the
each nostril of unanaesthetised animals and then merged atiifferential pressure transducer preceded that of the gas
glued to the head using epoxy. In the smallest iguanas, tlalysers by approximately 2%, andVco, were determined
nostrils were too small for this arrangement, and a small plast&s the area below the baseline signal for each gas observed
mask was glued over the nostrils instead. Theduring a breath-hold; the relationship between this area and gas
pneumotachograph (8421, series 0-5 LPM, H. Rudolph, Incgxchange rate was determined by simulating exhalations with
MO, USA), connected to a differential pressure transducetnown gas compositions and volumes.
(Validyne MP 45-1-871), was attached to the tubing leaving the
nostrils or mask. The pneumotachograph was calibrated by ~Measurement of systemic blood flow and heart rate
inserting a syringe where the tubing or mask was connected After completing all measurements on the ventilatory
during the experiments and manually simulating breaths. Allesponses to treadmill exercise, four varanids were instrumented
calibration procedures produced very tight correlations betwearsing a blood-flow probe (2R, Transonic System, Inc., Ithaca,
injected gas volumes and the integrated flow sigra#@.98)  NY, USA) for determination of systemic blood flow and heart
and were reproducible before and after the experiments. Tates. Shortly before surgery, lizards were placed in a bucket with
provide an independent verification of our pneumotachograpé cloth soaked in Halothane to induce light anaesthesia to allow
recordings, we also collected the exhaled gases in a Mylar bagubation. After intubation, the lizards were artificially ventilated
during many of the trials on the varanids. The volume of th¢8—15breaths mid and a tidal volume of 10-20 mlI& using
exhaled gas in the Mylar bag was subsequently determined by SAR-830 CWE Inc. ventilator (Ardmore, PA, USA) and a gas
withdrawing the gas into an airtight glass syringe. To collectixture consisting of 30% £3% CQ (balance N) prepared
exhaled gases, a miniatufeshaped two-way non-rebreathing by a gas-mixing flow meter (GF-3, Cameron Instruments, TX,
valve (series 2384, H. Rudolph, Inc., MO, USA) was insertedJSA). This gas mixture passed through a Halothane vaporizer
between the tubes leaving the nostrils and théDrager, Lubeck, Germany) initially set at 3-4% and
pneumotachograph (which, in turn, was connected to the Mylaubsequently reduced to 0.5-1% throughout the surgery. To
bag). The inhalation and exhalation ports of this valve eacimplant the flow probe, a 2—3 cm incision was made on the ventral
contain a diaphragm creating a unidirectional airflow betweenide caudal to the sternum. Because we felt it was imperative to
inhaled air and the Mylar bag; thus, only exhaled airflow coulaninimize damage to the rectus abdominus muscle, the flow probe
be measured in this experimental design. There was excelleméis inserted on the most easily accessible vessel. This differed
agreement between the direct determination of the exhaled gamong animals, and flow probes were, therefore, implanted
and that determined by pneumotachography: a linear regressiaround either the left aortic arch or a branch of the right aortic
yielded Vm=0.999/, (r2=0.98;N=52), whereVm is the volume  arch. After placement of the flow probe, the incision was closed
of exhaled gas in the Mylar bag aviglis the volume of exhaled with intermittent sutures and cyanacrylate tissue glue (Nexaband,;
gas calculated from pneumotachography. S/C-TriPoint Medical, Raleigh, NC, USA). Artificial ventilation

Gas exchange rate was measured differently in the tweithout Halothane was continued until the lizard regained
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consciousness and started breathing on its own. It was then plackding the last 2—3 min of each exercise trial. Following exercise,
in a small container maintained at 30-35°C and allowed tgas exchange rates and minute ventilation were measured for
recover for at least 48h. 3—4 min immediately following exercise (however, owing to the
Flow probes were connected to a dual-channel blood flodow ventilation following the lowest speeds iMaranus
meter (T201, Transonic System, Inc.) for simultaneougxanthematicyst was necessary to sample for up to 7min to
measurement of both mean blood flow rate and instantaneocallect sufficient gas for precise determination of gas exchange).
blood flow velocity, which was used for on-line determinationThis period immediately following exercise is referrred to as the
of heart rate. Because we were not able to place flow probescovery period. After each exercise trial, the lizard was allowed
around all the systemic outflow vessels, our measurementts recover further until the ventilatory pattern resembled that
underestimate systemic blood flow rate and blood flowecorded during the pre-exercise period. In general, the period
measurements are therefore expressed as relative valueguired for this criterion to be fulfilled increased with increasing

compared with rest. running speed and lasted for between 15 and 60 min.
o The iguanas were not able to perform sustained exercise.
Monitoring of the locomotor cycle Therefore, to determine whether the pronounced increase in

The locomotor cycle was monitored using a photocelventilation immediately following exercise (see Fig. 3A,B)
apparatus that recorded lateral bending of the trunk. Thesulted from a time-dependent change in the ventilatory
apparatus consisted of a photocell and a light-emitting diodesponse to exercise or to the cessation of locomotion proper,
(LED) situated at opposite ends of a 10 cm piece of flexible tubingn additional experimental protocol was employed. In these
attached to the dorsal midline of the lizards using strips of Velcr@xperiments, iguanas were exercised repeatedly at 0.56, 0.83
The photocell formed one arm of a Wheatstone bridge. As ther 1.11 ms!in exercise bouts lasting 30's followed by a 2min
lizard walked and ran on the treadmill, lateral bending of theéecovery period. This exercise regime was repeated six or
trunk bent the tube and changed the amount of light from theeven times, or until the lizard displayed significant signs of
LED illuminating the photocell, providing an analogue record offatigue and was no longer able to match the belt speed. It was
the locomotor cycle. In addition, all experiments were videoassumed that this protocol resulted in an elevated metabolic
taped using a VHS video system (60imag8s svhich enabled rate during the period of recovery and allowed comparison of
subsequent analysis of exercise performance. minute ventilation during exercise and immediately prior to

and immediately preceding exercise.
Experimental protocols

In both species, ventilation and gas exchange rate were Data collection, analysis and statistics
determined simultaneously (as described above) before, duringAll signals from the differential pressure transducer, the blood
and after exercise using a similar experimental protocol. At leaiow meter and the photocell for measurement of lateral bending
24 h prior to experimentation, lizards were equipped with masksere collected on a computer at 50 Hz using Acknowledge data-
or tubing inserted in the nostrils and allowed to acclimate to thacquisition system software (Biopac System, Goleta, CA, USA).
experimental temperature (35 °C). A few hours before treadmilll subsequent data analysis was performed using Acknowledge
exercise, the lizard was placed on the treadmill and lefflata-analysis software (version 3.0).
undisturbed with the mask or tubing connected to the The effects of running speed on all parameters studied were
experimental apparatus. Immediately before running, preassessed using a one-way analysis of variance (ANOVA) for
exercise ventilation and gas exchange rates were measured ogyeated measures. Differences among means were
a 10-20min period. Although the lizards quickly relaxed whemlistinguished using a Student-Newman—Keuls analysis. A
placed on the treadmill, these pre-exercise values do nfitlucial limit for significance of<0.05 was chosen, and all
represent true resting values. To minimize fatigue, each lizangsults are presented as mearsxm.
was exercised on two consecutive days. For the varanids, the
exercise regime commenced with a walking speed of 0.14ms
followed by 0.28, 0.42 and 0.56 mi<in that order) on the first Results
day, whereas the exercise regime consisted of 0.28 and Critique of treadmill exercise
0.83ms! on the second day. For the iguanas, the first day In this study, lizards were forced to walk and run on a
consisted of 0.28, 0.56 and 0.83thén that order), whereas treadmill, which is a very unnatural situation. In most lizards,
the exercise regime consisted of 0.28 and 1.1tros the the typical locomotor pattern consists of either slow walking
second day. In both species, the maximum speed used represamtsprints of high speed and short duration. Nevertheless, the
the highest speed at which the lizards were able to match the bediranids performed consistently well at the lower speeds and
speed for at least 2 min. At the lower locomotor speeds, the belere able to match the belt speed for longer than 10 min. In
speed was kept constant for approximately 5min. In each triadpntrast, the iguanas performed poorly, and half of the animals
the belt speed of the treadmill was slowly increased to thpurchased could not match the belt speed of the treadmill for
desired level and kept constant for at least 5min or until thany sustained period. Furthermore, these individuals exhibited
animal was no longer able to match the belt speed. In botbehavioural traits such as defensive posturing and ‘tail
species, gas exchange and minute ventilation were measutbdashing’ and, consequently, we do not report the data
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obtained on these animals. The data reported were obtain' p
from five subjects of each species that performed consistent
well. Within each species, the responses to exercise we
consistent and, therefore, we feel that our data represent t WAL
cardiopulmonary response to increased metabolic rate durir it
locomotion in these species.

Physiological variables were determined for lizards : : : : : : :
ambulating at speeds up to a maximum of 0.83fos varanids 800 820 840 80 880 900 920 940
and up to 1.11n73 for iguanas. These speeds are well above
the maximum aerobic speeds of both species (0.33-0.84ms g
for Varanus exanthematicasd 0.14 md for Iguana iguana
Gleesoret al. 1980; see also Fig. 3), but are considerably lowel
than the maximum running speeds of both species (Zbfors m M
Varanus exanthematicusaind 4.5md for Iguana iguana A J”MJ'W K M vﬂ WMA ﬁhﬁﬂm | N mﬂ
Carrier, 1983). In the present study, 0.83mMsnd 1.11md, fv R W W y W W" [ W‘ V M“ w w UW
respectively, were the highest speeds that the lizards were al
to maintain on the treadmill. The previous studies by Gleeson ] ' ' ! !
al. (1980) and Mitchelket al. (1981a,b) reported physiological 895 860 865 870 875
measurements only at speeds up to 0.28 and 0.54fors C

Iguana iguanaandVaranus exanthematicusespectively. WW

Breathing pattern during and following locomotion L A : : . : :
In all specimens of both species, the breathing pattern we M ! AN ! !
altered during locomotion (Fig. 1). While the breathing patterr \,r\/ S W: | | \/I\/\/: |

at rest inVaranus exanthematicunsisted of evenly spaced
single breaths commencing with expiration followed by | : :
inhalation, the ventilatory airflows during locomotion were 863 864 865 866
characterized by frequent and abrupt changes (Fig. 1A-C). Tk~
maximum airflow rate increased, whereas the inspiratory ar e
expiratory times decreased relative to pre-exercise value s oo
Following exercise, tidal volume immediately increased abov ‘

pre-exercise values and the breathing pattern returned to distin “““ ‘ I “ ‘“ ‘ ' “l““““
evenly spaced breaths. llguana iguana ventilation was M - ‘M ‘}‘ H | I

typically continuous before exercise, which probably indicate: ””'” I ‘ [” ”” ”’ ” l ' ””””
that these animals were not in a resting state. At the onset

locomotion, the breathing pattern was characterized by a hig 560 580 600 6'20 640
frequency ventilatory oscillation of low-volume inspiratory and
expiratory flows, interrupted by larger breaths of high and errati
rates of airflow (Fig. 1D—F). The changes in tidal volume during
and following exercise are presented in Fig. 2 for both specie
In this analysis, only expiratory airflows that were separated k
substantial inspiratory airflows are reported. Thus, many of th ., |

Fig. 1. Sample recordings of ventilatory airflow ratesViaranus
exanthematicusand Iguana iguanarunning on a treadmill at
0.83msl In each example, the upper trace is a recording of lateral
bending of the trunk. A flat trace indicates that the lizard was
stationary. Once the treadmill was turned on and the lizard began to” | I . . . I I o . |
move, each wave cycle on the trace represented one locomotor CyCEW’WWWMMW
In each example, the lower trace is a pneumotachograph recording of !
ventilatory airflow rates at the nares. Expiratory flow occurred when /\ |
the trace was above baseline. (A) A 30s bout of runniny.in - oy N , ;
exanthematicusillustrating ventilation before, during and after \/\/V v \/ N \/ Y V N 'VV ! Vi \/vlk/\/ \:y
locomotion. (B,C) Enlarged segments of the running portion of trial
A. (D) A 30s bout of running ind. iguanaillustrating ventilation | | T T
before, during and after locomotion. (E,F) Enlarged segments of the 576 S77 578 579
running portion of trial D. Time (s)




Fig. 2. Expiratory tidal volume during®) and
following (M) treadmill exercise at different
locomotor speeds iWaranus exanthematicys\)
andlguana iguangB). Values are means 1sE.M.
(N=5). Mean values that are significantly differeng
from pre-exercise levelsA() are marked with an
asterisk. Mean values during recovery that are
significantly different from those for exercise at the
same speed are marked with a dagger.

volume (ml kg-1)
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Varanus exanthematicus Iguana iguana
120 -{ A * T B
*
100 — * T Recovery
80 — Recovery
60 — *t *T * T *t
40 H_H
N Treadmill exercise
20 Treadmill exercise i %
0 — \ \ T T T T T \ \
0 0.2 0.4 0.6 0.8 0O 02 04 06 08 10 12
Running speed (m s1)

small breaths (which presumably do not contribute to gaspecies are presented in Fig. 3 and Tables 1 and\aramus
exchange) are not included. In both species, tidal volume durirexanthematicys minute ventilation increased from a pre-
exercise was not significantly different from that during rest, bugéxercise value of 102+23mlkgmin™ to a maximum of

increased two- to fourfold immediately following exercise.

locomotion

771£91 mikgimin~lat 0.56 ms! (Fig. 3A). At speeds between

0.14 and 0.56 nT$, minute ventilation increased significantly
Ventilation and gas exchange before, during and following during the recovery period. The rate of oxygen uptakg) (
increased from a pre-exercise level of 3.9+0.7 mtkgn to
The data for minute ventilation and gas exchange rate in both maximum of 12.6+x2.2mlkgmin~? at 0.56ms! and

Varanus exanthematicus

Iguana iguana

1200
A T %t +t D
1000 — Recovery * T
c . . *
= Treadmill exercise
= 800
-é’ 600 —
= *
o 400+
> E *
200 — . Treadmill exercise
0= I I I T T T T T T
16 x
B E
- 14 Treadmill exercise LA ot
£ 124 Recovery
E 104
9 8- ;
E 6 . A
S 444 ecovey Treadmill exercise
>
2 -
0= | | | T T T T T T
Fig. 3. The ventilatory and respiratory responses 100 =
to exercise iVaranus exanthematicasdiguana c _ _ *
iguana Minute ventilation VE), oxygen uptake 80 Treadmill exercise Recovery
rate {o,) and air convection requirements * %
(VEVo,) during treadmill locomotion @) and _><5“ 60 ot
during the immediate recovery perio@)(in T 40 *1
Varanus exanthematicufA-C) and Iguana = ET/;/-/E el oxercice
iguana(D-F). Values are means 1sE.m. (N=5). 20 ES Recovery
Mean values that are significantly different from
pre-exercise levels A) are marked with an 01 | | | — T
asterisk. Mean values during recovery that are 0 02 04 06 08 0O 02 04 06 08 1.0 12
significantly different from those for exercise at )
the same speed are marked with a dagger. Running speed (m s-1)
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Table 1.The respiratory gas exchange ratio during locomotion and immediately following exerdisaims exanthematicasd
Iguana iguana

Varanus exanthematicus Iguana iguana
RER RER

Speed Speed
(ms?) Locomotion Recovery (nTd) Locomotion Recovery
Pre-exercise 0.77+0.07 Pre-exercise 0.70+0.08
0.14 0.93+0.02 0.82+0.15 0.28 0.95+0.10 1.45+0:13*
0.28 0.85+0.04 0.78+0.08 0.56 0.78+0.08 1.27+0:08*
0.56 1.04+0.06* 1.23+0.05* 0.83 0.68+0.14 1.19+0.12*
0.76 1.01+0.11 1.12+0.06* 1.11 0.72+0.04 1.29+0.98*

*Significantly different from the pre-exercise value; tsignificantly different from the exercise value at the same speed.
The respiratory exchange ratio, RER, is calculatedog®co,.

decreased, although not significantly, with a further increase iunning speed. In contrast to the varanids, minute ventilation
speed (Fig. 3B). At lower speedié), during recovery was lower increased significantly relative to pre-exercise levels
than during exercise, but this difference disappeared at highenmediately following locomotion and reached levels as high
speeds (Fig. 3B). The rate of elimination of &&0,) followed  as 925+188 mlkgt min~L. Similarly, Vo, increased from a pre-
the same pattern a4, although the changes in the recoveryexercise level of 5.92+1.34mlkgmin™! to a maximum of
period were more pronounced (data not shown). The respiratoty).01+1.74 mikgtmin~1 at 0.28ms! and was significantly
gas exchange ratio (RER:0,/Vo,) increased from 0.77+0.07 increased relative to pre-exercise levels during recovery from
to 1.04+0.06 with increased speed up to 0.58%neaching all locomotor speeds, reaching a maximum value of
values as high as 1.23+0.05 following exercise (Table 1). At all2.02+1.69 mlkg' min~ (Fig. 3E). Furthermore, at the two
speeds, minute ventilation increased relatively more thavidid  highest locomotor speeds, both minute ventilation\apavere

or Vco,, resulting in increased air convection requirementsignificantly lower (506+183 ml kg min1 and
(VEVo, or VENGco,; Fig. 3C; Table 2). During recovery, air 6.69+1. 16mlkgtmin~l, respectively), than the levels
convection requirement quickly decreased amMo, was measured at 0.28mls There were no systematic changes in
significantly higher than pre-exercise values only after the fastestinute ventilation relative %o, andVco, (Fig. 3D; Table 2),
running speeds. HoweveXg/Vco, during recovery did not whereas RER increased significantly during the recovery period
differ significantly from the pre-exercise level of 35.2+3.1and reached maximum values as high as 1.45+0.13 from a pre-
(Table 2). exercise value of 0.70+£0.08 (Table 2).

In Iguana iguanaminute ventilation increased significantly The changes in heart rate and systemic blood flow rate
during exercise from a pre-exercise level ofduring exercise irWaranus exanthematicume presented in
282+77 mlkg?min~! to a maximum of 747202 mlk§min~?  Table 3. Heart rate increased significantly from a pre-exercise
at 0.28 ms! (Fig. 3D). Comparison of the minute ventilation level of 45.5+3.6beatsmih to a maximum of
at each locomotor speed (pre-exercise not included) using9®.4+5.7 beats mit at the highest speed, which was mirrored
one-way ANOVA for repeated measures revealed a statisticallyy a simultaneous significant increase in relative systemic
significant reduction in minute ventilation with increasedblood flow rate.

Table 2.Minute ventilation relative to ventilatory G@roduction during locomotion and immediately following exercise in
Varanus exanthematicasd Iguana iguana

Varanus exanthematicus Iguana iguana
VENCO, VENCOo;

Speed Speed
(ms™1 Locomotion Recovery (nTd) Locomotion Recovery
Pre-exercise 35.2+3.1 Pre-exercise 78.5£16.4
0.14 61.9+2.4* 33.2+1.71 0.28 78.1+12.1 55.0+8.1
0.28 60.5+4.1* 38.5+5.6t 0.56 76.7+13.5 54.8+6.2
0.56 63.6+5.1* 30.6+1.9t 0.83 134.7+31.1* 69.5+7.4
0.76 75.914.2*% 37.1+5.3t 1.11 90.6+£15.2 64.0+7.5

*Significantly different from the pre-exercise value; tsignificantly different from the exercise value at the same speed.
Minute ventilation,Ve, and ventilatory C@production Yco,) are measured in mlkgmin=1,
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Ventilation during and after repeated bouts of exercise exanthematicus demonstrated that arterial blood gas
The ventilatory responses to exercising iguanas repeatedﬁli@mpOSition is maintained during treadmill exercise (Mitchell
in bouts of 30s followed by 120's of recovery are presented it al. 1981a,b), indicating that minute ventilation increases in
Fig. 4. During this protocol, minute ventilation invariably Proportion to metabolic rate. In contrast, a later study on the
decreased during exercise compared with the precedirfi@me species (Carrier, 188howed a progressive decline in
recovery period, indicating that the increase in ventilatiofninute ventilation as speed increased above slow walking.
following exercise can be ascribed to the cessation d®iven this disparity, the primary purpose of the present study
locomotion per se rather than being the result of time- Was to obtain direct measurements of minute ventilation and
dependent changes in the ventilatory response to exercise. Ventilatory patterns during locomotion in these lizards. Our
data show that bottVaranus exanthematicuand Iguana
iguana are capable of ventilating their lungs during a
Discussion locomotor stride (Fig. 1). However, in both species, the
Previous studies onlguana iguana and Varanus ventilatory pattern was influenced by locomotion, and in

750— A
500 —
250—
0 1 1 1 . 1 I
rest pre exer post pre exer post pre exer post pre exer post pre exer post
B - . —
750 — - ]
500—
T 250
€
E 0 m | T T ] T T T
= rest pre exer post pre exer post pre exer post pre exer post pre exer post
5
i c — —
= 1500 — — — — — -
>
S
2 1000
=
Fig. 4. Minute ventilation in two
. . . 500 —
specimens ofguana iguanaluring
experiments in which the lizards
repeatedly walked for 30s and then 0 T i i i i i i i i i i ‘
rested for 2min. In each histogram, rest pre exer post pre exer post pre exer post pre exer post pre exer post
‘rest’ represents resting minute
ventilation. The minute ventilation D - -
recorded during the 30s period 1500 — ] —
immediately prior to exercise (exer)
is labelled ‘pre’ and the minute
ventilation recorded immediately 1000 —
after the exercise is labelled ‘post'.
Trials are shown for a 0.33kg lizard 500 —
walking at 0.56md¥ (A) and
0.83ms! (B), and for a 1.90kg —
lizard walking at 0.56 nT$ (C) and 0 T T T T T T T T T 1

1.11ms! (D) ret pre exer post pre exer post pre exer post pre exer post pre exer post
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Iguana iguanathere was a progressive decrease in minutsimilar pattern was seen fob, andVco,. In Iguana iguana

ventilation with increased running speed (Fig. 3D). minute ventilationVo, andVco, increased significantly above
_ _ _ the pre-exercise levels at the slowest locomotor speeds, but
Breathing patterns during exercise decreased with further increases in running speed (Fig. 3D,E).

The breathing pattern in both species was altered during Previous studies on the ventilatory responses to exercise in
exercise and was characterized by breaths of higher flothese two species used different techniques from those employed
velocities and shorter duration than both before and after exercisere. Mitchellet al. (1981; see also Mitchelet al. 1981a;

(Fig. 1). This is in accordance with the findings of CarrierGleesoret al.1980) measured arterial blood gas composition and
(198™), but is in sharp contrast to earlier studies on ventilatioas exchange rates at treadmill speeds up to 0.28 and 056ms
during forced activity in restrained lizards and snakes, whicfor Iguana iguanandVaranus exanthematicugspectively. On
report large increases in tidal volume and small changes the basis of arteridco, and pulmonary gas exchange rates, the
breathing frequency during activity (Wilson, 1971; D'iel, 1972;effective minute ventilation of the lundé§) and lungPo, were
Bennett, 1973; Cragg, 1978). These differences are mosalculated using well-established equations for gas exchange in
probably explained by the differences in experimental design. Imammals (e.g. Otis, 1964). In these studies, art€sl,

the earlier studies, the animals were physically restrained amf:creased during exercise in both species, suggestingethat
activity was induced by pinching the legs or through electricalelative toVo, (Ve/Vo,) was increased.

shocks, whereas the lizards in the present study ran freely on aThe use of arteriaPco, to calculateVes relies on the
treadmill. In humans, increases in tidal volume account for mostssumption that arterico, is identical to lungPco, and that

of the exercise hyperpnoea that occurs at moderate levels afily ventilatory changes affect arteriBbo,. This, in turn,
exercise, while increases in breathing frequency become mosssumes no cardiac or pulmonary shunt and that the lung
important during more severe or prolonged exercise (e.g. Hansimctions as a perfect gas exchanger (i.e. no
et al. 1982). In mammalian quadrupeds, the increased level afentilation—perfusion inhomogeneity and no diffusion
ventilation during exercise results primarily from an increase ifimitation). However, factors that influence arteriBto,,
breathing frequency, whereas changes in tidal volume are mdrelependently of minute ventilation, will alter this estimation.
variable; for example, in dogs, tidal volume decreases duringor example, if arteridPco, is higher than lun@co,, Vest will
exercise (Flandroist al. 1971), whereas tidal volume increasesbe underestimated. Alternatively, improved lung function (e.g.
slightly in ponies, goats and calves (Bisgatdl. 1978, 1982; less ventilation—perfusion inhomogeneity) or a reduction in the
Smithet al. 1983; Kuhlmanret al. 1985). cardiac right-to-left shunt decrease arteRalo, at constant

Immediately following cessation of locomotion, the minute ventilation relative t&/co,. Therefore, if the cardiac
breathing pattern in both species was characterized by larghunt is reduced and/or lung function improved during exercise
tidal volumes (Figs1l, 2). InVaranus exanthematicus compared with rest, itis possible that the calculations of Mitchell
breathing frequency decreased following exercise, leading toet al.(1981a,b) will overestimate the relative increase in minute
decrease in minute ventilation (Fig. 3). In contrast, ventilatiorventilation. Unfortunately, very little is known about changes in
following exercise irlguana iguanawas virtually continuous cardiac shunt and lung function during exercise in reptiles and,
which, in concert with the increased tidal volume, resulted itonsequently, it is difficult to evaluate the magnitude of these
a large increase in minute ventilation (Figs 1-3). Consistergossible errors. Ifaranus exanthematicuglking at low speed
with this observationlguana iguanaexhibited an increased (0.28ms?), left atrial Po, increases during exercise, in spite of
minute ventilation following locomotion in the experiments an increased ventilation—perfusion inhomogeneity (Hopé&ins
employing short bouts of repeated exercise (Fig. 4). Thesd. 1995), which supports the existence of an exercise
findings suggest that the observed changes in the breathihgperpnoea. Finally, using measurements of blood gas
pattern are correlated with the cessation of exercise rather theomposition to calculate minute ventilation may not provide a
resulting from time-dependent changes in the ventilatorgood time resolution; because lizards often run intermittently
response to exercise. Changes in breathing pattern followir{gven on treadmills), it is conceivable that they maintain a
exercise have been reported only rarely for mammals. In dogspnstant blood gas composition by ventilating their lungs during
tidal volume increases modestly following exercise, but returnbrief pauses in locomotor activity (Carrier, 188 Presumably,

to pre-exercise levels within minutes (Flandreisal. 1971). this potential problem would be most pronounced at higher
locomotor speeds.
The effects of exercise on minute ventilation and gas Carrier (1983) reported a substantial reduction in minute
exchange rates ventilation of bothvaranus exanthematicasdlguana iguana

The present study shows that minute ventilation and gas running speeds that are equivalent to those of our study. It is
exchange rates increased during locomotion in both specigsssible that the discrepancy in the results from the present study
but that the response to exercise differed betwémmanus is due to the different techniques employed. Carrier @987
exanthematicuand Iguana iguana(Fig. 3; Tables 1, 2). In assessed inspiratory airflow rates using the rate of heat loss from
Varanus exanthematicus minute ventilation increased heated thermistors implanted over one nostril. This system was
significantly above pre-exercise levels at all locomotor speediifficult to calibrate over a wide range of airflow rates and,
and decreased immediately following exercise (Fig. 3A,B). Abecause maximum airflow rates were predicted to occur
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following locomotion, Carrier (198¥ calibrated the recording fastest running speeds dith, remain high during recovery
system using the airflows observed during recovery fronfFig. 3B). Carrier (1983) reported large increases in minute
exercise. However, the present study shows that the maximuentilation following locomotion in both species, but did not
flow rates occur during locomotion and that the difference imeasureVo, or Vco,. In the absence of blood and lung gas
flow rate between exercise and recovery is more pronounced focomposition measurements, it is difficult to interpret increased
Varanus exanthematicuthan for Iguana iguana(Fig. 1).  VE.o, following exercise inguana iguanaln Iguana iguana
Consequently, an error in the calibration of the flow probe isystemic blood flow appears to increase following exercise
Carrier's (1983@) study may have resulted in underestimatedFarmer et al. 1996), which may increase the convective
minute ventilation during exercise ¥faranus exanthematicus  transport of @and thus/o,, but this possibility must be verified

In spite of differences in experimental design, there igxperimentally. Furthermore, if effective ventilation
reasonable agreement between our results and those fr@ur—Vosxf, whereVr is tidal volumeVbpsis dead space volume
previous studies. Fdvaranus exanthematicuMitchell et al.  andf is breathing frequency) is decreased during locomotion,
(1981b) calculated a/est of approximately 60mlkgmint at  lung and blood @content would decline, and if these €ores
rest and a/f/Vo, of 18. During exerciséVeft/Vo, increased to  are replenished following locomotiovlp, (measured across the
approximately 40, corresponding toVas of approximately nostrils) would increase transiently during the recovery period.
800mlkgimin (Fig.1 in Mitchell et al. 1981). Our In this scenario, arteridPo, would be expected to decrease
determination of total minute ventilation (i.e. effective minuteduring exercise; this is not supported by direct measurements
ventilationand dead-space minute ventilation) is comparable abf blood gas composition (Mitchedt al. 1980a,b).
rest (102mlkgtmin-1), while the maximum level during In summary, inVaranus exanthematicust appears that
exercise is slightly lower (771mlkgmin~1) than in this minute ventilation increases during exercise sufficiently to
previous report. Carrier (198¥reported a minute ventilation of meetVo, during locomotion at speeds up to 0.8th his is
110mlkgImint at rest and 304mlkgmin~t during indicated by the large increase in minute ventilation relative to
locomotion at 0.8m3 in Varanus exanthematicusvhich is Vo, (Fig. 3A—C), also found by Mitche#t al. (1981a,b), and
likely to be an underestimation for the reasons given abovéhe decrease i¥o, immediately following exercise. lguana
Mitchell et al. (1981) determined thatVo, increased iguana however, the present study and that of Carrier (4987
progressively with increasing locomotor speed from a restinindicate that minute ventilation decreases progressively as
value of 3.2mlQkg1min1 to a maximum value of almost locomotor speed is increased above 0.28nasd that this
20ml kg tminat 0.3-0.4m¥ in Varanus exanthematicus decrease is associated with a decreasinFurthermore, as
The maximumVo, in our study was lower (12.6mIkgmin1),  tidal volume tended to decrease with increased locomotor
whereas the pre-exercise level (3.9 mikgin) was slightly  speed (although the decrease was not statistically significant),
higher. Forlguana iguanathe pre-exercis¥o, determined in it is possible that effective ventilation decreased at the highest
the present study (5.9 ml#gmin) is almost twice as high as locomotor speeds in spite of the increas®df/o, (Fig. 3D).
the resting value of 3.0mlkgmin! reported by Mitchelet al. ~ This interpretation is supported by the increased and
(1981). This difference probably reflects the fact that the iguanasinute ventilation following exercise, which may indicate a
in the present study were not completely undisturbed and thegduction in lung and blood£&Zontent during exercise.
our pre-exercise condition did not resemble true resting The observation that minute ventilation ars} decrease in
conditions. This explanation is also supported by the high préguana iguanaas the speed of locomotion increases does not
exercise minute ventilation and/Vo, in the present study necessarily imply that these lizards are mechanically incapable
(Fig. 3F) compared with the previous studies. Fgmana  of ventilating their lungs while running. It is possible, for
iguana Mitchell et al. (1981b) reported thato, increased to  example, that muscular exercise is associated with changes in
13.8mlkgimint at 0.14ms! and calculatedVer to be the control of ventilation, such that exercise exerts an
approximately 800mlkgmint at this speed, while Carrier inhibitory action on the central motor output to the muscles
(1987) reported a minute ventilation of approximately responsible for ventilation. In this case, the proximal
900 mlkgimint at 0.1-0.2m3. These values are similar to explanation for the reduction in ventilation would not be a
the minute ventilation and gas exchange rates at 0.Z8mthe  mechanical limitatiorper se but rather a result of the central
present study (Fig. 3D,E). As in our study (Fig. 3D), Carrielintegration of afferent input. It may, however, be argued that
(1987) also observed a progressive decrease in minutguch changes in ventilatory control would only be of adaptive
ventilation when locomotor speed was increased abowvealue (and presumably then selected for) if breathing during
0.2ms?; Mitchell et al. (1981ab) did not study the locomotion were energetically inefficient or if ventilatory
physiological responses to speeds higher than 0.2Bms efforts were to reduce locomotor performance (e.g. by

In Iguana iguana both experimental protocols show that affecting acceleration or maximum running speed).
minute ventilation increased significantly after exercise
(Figs 3D, 4) and that this hyperpnoea during recovery from  The hypothesis of mechanical interference between
exercise was associated with a significant increas®ojn locomotion and pulmonary ventilation
(Fig. 3E,F). InVaranus exanthematicusninute ventilation Given that lizards use their hypaxial muscles for both
decreased following exercise (Fig. 3A), and only after thdocomotion and ventilation (Carrier, 1988, 1990), it is
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plausible that the observed changes in breathing pattern res Table 3.Heart rate and relative changes in systemic blood
from interference between the locomotor and ventilatonflow rate Qsy9 during locomotion ir'Varanus exanthematicus
functions. In the group of bony fishes from which tetrapod:s

Speed Heart ratés Relative change

evolved, the hypaxial muscles did not contribute to luncg (ms?) (beats min?) in Qsys
ventilation (Liem, 1985), but were probably associated witt

lateral bending of the trunk and provided torsional stability 814 A;%ii%i* ;'8:—:8'2*
during swimming. In salamanders, the obliquely orientec 0.28 92.5;6-9* 2‘5;0'7*
hypaxial muscles (the external oblique, internal oblique an 056 08,247 8* 2 7+0.6*

transversalis muscles) are active during terrestrial walking i 0.76 00.445.7* 2 8+0.6*
a manner that indicates that they stabilize the trunk against ti
long axis (Carrier, 1993). A similar pattern of activity during =*Significantly different from the pre-exercise value.
walking has been observed in the hypaxial muscleéguzna
iguana (Carrier, 1990). Recent observations suggest that the
obliquely oriented hypaxial muscles of lizards are responsiblargument assumes that minute ventilation limits oxygen
for the lateral bending of the trunk during locomotion (Ritter,transport during exercise and implies that an increased minute
1995, 1996). Finally, in trotting dogs, the locomotor action ofventilation could sustain a high&b,. At a given systemic
the interosseous intercostal muscles has been found t¢ardiac output and a fixed cardiac right-to-left shunt, minute
predominate over their ventilatory action (Carrier, 1996)ventilation limits systemic oxygen deliver§{,<[O2]a, where
Therefore, it seems reasonable to suggest that locomotion m@ysis the systemic blood flow and fais the oxygen content
place limits on ventilatory function in lizards. The erratic of systemic arterial blood) if lunBo, falls to an extent where
nature of the breathing pattern observed during locomotion ipulmonary venous blood is no longer saturated. The Rang
both species in this study and the reduction in minutat which the haemoglobin oxygen-saturation of pulmonary
ventilation with increased running speed observeljirana  venous blood is compromised depends on both blood oxygen-
iguana are consistent with mechanical interference betweenffinity and thePo, difference between lung gas and blood
locomotor and ventilatory function as originally proposed byleaving the lungs. Thi®o, difference is generally larger in
Carrier (1983,b, 1989, 1990). reptiles than in mammals (1-3kRarsus0.5-13kPa) and
The findings forVaranus exanthematicudearly conflict  results from a combination of intrapulmonary shunts, diffusion
with the hypothesis of an ancestral conflict between ventilatiolimitation and ventilation—perfusion inhomogeneity (reviewed
and locomotion. Among lizards, varanids are thought to be by Powell, 1994). InVaranus exanthematicusminute
highly derived lineage, whereas iguanids are phylogeneticallyentilation increased proportionally more than did gas
among the most basal of extant lizards (Estesl. 1988). exchange rates during exercise, as demonstrated by the large
Given this phylogeny, the most parsimonious explanation ishanges in air convection requirement for botha@d CQ
that the ability of Varanus exanthematicuso breathe (Fig. 3C; Mitchellet al.1981b). The resulting increase in lung
effectively during locomotion is due to a modification of thePo, may help to overcome diffusion limitations or the inability
ancestral condition to facilitate simultaneous running ando increase diffusion capacity during exercise (Mitcleelal.
breathing. In varanids, there is a pronounced anatomicdP8lb; Hopkins et al. 1995). Finally, in Varanus
distinction between the first few thoracic ribs and intercostaéxanthematicusvalking at low speed (0.28 3, Hopkinset
muscles and the ribs and intercostal muscle throughout the redt(1995) reported an increase in left atRal, during exercise,
of the trunk (D. R. Carrier, unpublished observations). Visuain spite of an increased ventilation—perfusion inhomogeneity
observations indicate that the cranial ribs move duringvhich, in combination with the increase in ventilation, does not
ventilation and that there may be a cranial-to-caudal divisiosupport the suggestion that luip, limits gas exchange
of labour in the intercostal musculoskeletal system of varanidduring exercise in this species.
that is not present in iguanids. Furthermore, the lizard A vigorous analysis of ©transport limitations during
Uromastyx microlipegan ventilate its lungs using a buccal exercise must determine @ansfer rates between the inhaled
pressure force pump (Al-Ghameit al. 1995), and it has gas, the lungs, pulmonary capillary blood, systemic blopd O
recently been reported th¥aranus exanthematicusan use transport and @diffusion between systemic capillary blood
contractions of the buccal cavity to inflate the lungs followingand mitochondria. To complicate matters further, in reptiles,
exercise (Brainerd and Owerkowicz, 1996). Although thehe time constant for attaining steady state during progressive
actual contribution of this mechanism during exercise remainsxercise may be exceedingly long, and a transient reduction
to be determined, these gular movements may participate in transfer rate at one step in the @ansport cascade is

lung ventilation. therefore not necessarily indicative of amp @ansport
S _ _ limitation. There are no studies that have measured all of the
Does ventilation limitvo, during exercise? O, transfer components in a single species of reptile.

Carrier (198B) suggested that limited minute ventilation, Nevertheless, a previous studylgnana iguanandVaranus
particularly at high running speeds, limifs, and, therefore, exanthematicusoncluded that sustained aerobic activity was
renders lizards incapable of sustained locomotion. Thimited not by minute ventilation, but rather by the circulatory
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system (Gleesoat al. 1980; Bennett, 1994). This conclusion and swimming in the salamand@icamptodon ensatus). exp.
was based on the relative hyperventilation and the attainmentBiol. 180, 75-83.

of maximal cardiac output and arterial-venous oxygerFARRIER, D. R. (1996). Function of the intercostal muscles in trotting
differences at maximal aerobic speeds. The relative changesd0gs: ventilation or locomotion® exp. Bial 199, 1455-1465.

in systemic blood flow and heart rate shown in Table 3 fopRAGg_P. _A. (197_8). Ventilatory patterns gnd variables in rest and
Varanus exanthematicus are  consistent  with  this activity in the lizard,Lacerta Comp. Biochem. PhysioBO0A,
interpretation. In contrast, the reduced gas exchange obserdeo’ 99-410.

in | . he higher | d b M'IEL, R. (1972). Effect of activity and temperature on metabolism
in lguana iguanaat the higher locomotor speeds may be a and water loss in snakedm. J. Physiol223 510-516.

consequence of an altered breathing pattern duringsreq R, QueiRoz, K. AND DE ANDGAUTHIER, J. (1988). Phylogenetic
locomotion. Additional studies are required to quantify the relationships within Squamata.Rinylogenetic Relationships of the
various transport steps before conclusions regarding Lizard Families (ed. R. Estes and G. Pregill), pp. 119-281.
physiological limitations can be seriously addressed. Stanford, CA: Stanford University Press.
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