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Summary

During thermoregulation in the bearded dragonPogona  commencement of heating, and decreased to 30.7 % at the
barbata heart rate when heating is significantly faster end of the cooling period. Moreover, in four lizards there
than when cooling at any given body temperature (heart was an instantaneous drop in heart rate (up to
rate hysteresis), resulting in faster rates of heating than 15beatsmirl) as the heat source was switched off, and
cooling. However, the mechanisms that control heart rate this drop in heart rate coincided with either a drop in 3
during heating and cooling are unknown. The aim of this adrenergic tone or an increase in cholinergic tone. Rates
study was to test the hypothesis that changes in cholinergic of heating were significantly faster during the cholinergic
and adrenergic tone on the heart are responsible for the blockade, and least with a combined cholinergic ands-
heart rate hysteresis during heating and cooling inP.  adrenergic blockade. The results showed that cholinergic
barbata Heating and cooling trials were conducted before and [-adrenergic systems are not the only control
and after the administration of atropine, a muscarinic  mechanisms acting on the heart during heating and
antagonist, and sotalol, a [B-adrenergic antagonist. cooling, but they do have a significant effect on heart rate
Cholinergic and B-adrenergic blockade did not abolish the and on rates of heating and cooling.
heart rate hysteresis, as the heart rate during heating was
significantly faster than during cooling in all cases. Key words: thermoregulation, heart rate, neural control, cholinergic,
Adrenergic tone was extremely high (92.3%) at the adrenergic, reptile, lizar®Rogona barbata

Introduction

Heliothermic reptiles regulate their body temperatig ( animal surface and the cool core (Bartholomew and Tucker,
by behavioural means (Hertz et al., 1993; Seebacher, 19990963; Grigg and Seebacher, 1999; Smith, 1976; Voigt, 1975).
and it is well known that the effectiveness of behaviouraConversely, when entering a cooling environment at fiigh
thermoregulation can be augmented by changes in internal hdegart rate decreases so that heat transfer between the warm core
transfer brought about by modifications in heart rate and blooaind the cool surface decreases (Seebacher, 2000). This pattern,
flow (Bartholomew and Tucker, 1963; Robertson and Smithwhere heart rate during heating is significantly faster than
1979; Grigg and Seebacher, 1999; Seebacher, 2000). ¢luring cooling, is termed heart rate hysteresis, and it allows a
vertebrates other than fish, cardiac output is primarilyeptile to stay warm for longer during the day by raising the
determined by heart rate, rather than by changes in strokedy temperature faster during basking in the morning and
volume (Farrell, 1991). Moreover, changes in heart rate haweducing the rate of cooling in the evening (Seebacher, 2000).
been shown to be a good indicator for changes in peripherBlespite the functional significance of these changes in heart
blood flow in several species of reptile (Morgareidge andate, the physiological mechanisms that effect changes in heart
White, 1972; Grigg and Alchin, 1976; Smith, 1976; Smith etrate remain obscure.
al., 1978). For example, wash-out rates of radioactive Xe The sympathetic (adrenergic) and the parasympathetic
isotope injected under the skin increase dramatically with thécholinergic) nervous systems are principally responsible for
application of heat, and decrease when the heat source sisort-term (on the scale of seconds or minutes) cardiovascular
removed, indicating thermally dependent changes in peripherabntrol in vertebrates (Akselrod et al., 1981). The cholinergic,
blood flow that are accompanied by proportional changes imagal branch of the autonomic nervous system uses
heart rate (Grigg and Alchin, 1976; Smith et al., 1978). acetylcholine as a transmitter substance to depress heart rate

Several species of reptiles, including lizards, crocodiliandy acting on heart muscarinic receptors. In contrast, spinal
and turtles, are known to increase their heart rate duringutonomic fibres effect an increase in heart rate, which is
basking, resulting in increased heat transfer between the wammediated by adrenaline acting on hgaedrenergic receptors
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(Axelsson et al., 1987; Morris and Nilsson, 1994). Thensulated surgical stainless steel wire placed under the skin
autonomic fibres controlling the heart are continuously activgafter administration of Lignocaine as a local anaesthetic), one
thereby creating a nervous tone which increases the efficacy imimediately ventral to the heart and a second at the base of the
the heart rate response (Altimiras et al., 1997; Hoffman anthil. The insulation was stripped off at the active ends of the
Romero, 2000). There is evidence that changes in thelectrodes, leaving approximately 1cm of wire bafedwas
cholinergic tone on the heart are the principle mechanismeasured with K-type thermocouples inserted 3—4 cm into the
controlling heart rate during exercise in fish (Axelsson et al¢loaca and also connected to the PowerLab.

1987; Altimiras et al., 1997). In contrast, heart rate variability During the experiment, lizards were heated from about
in a lizard Gallotia galloti) appeared to be mediated primarily 22.5°C to 32.5°C with an infrared heat lamp suspended above
by B-adrenergic receptor mechanisms (DeVera et al., 2000fhe plastic containers. The heat lamp was positioned at such a
Moreover, there are species-specific differences in the relatidistance that the lizard surface received 600-700k%/ m
importance of cholinergic and adrenergic autonomic control ofvhich is similar to solar irradiation during basking on a
the heart. For example, the heart of the tBatb paracnemis summer morning (F. S., unpublished data; radiation intensity
at rest was under the influence of both cholinergic anevas measured with a Sol Data pyranometer connected to a
adrenergic tone (Hoffman and Romero, 2000), whereas heatatalogger). Onc@ép reached 32 °C the heat lamp was turned
rate in restinddufo marinusvas regulated by cholinergic fibres off and lizards were allowed to cool to within 1°C of their
alone, but tachycardia during exercise in this species wasitial Tp. Heart rate andlp were monitored continuously
effected by adrenergic fibres (Wahlqgvist and Campbell, 1988}uring the heating and cooling trials.

Given the predominant role played by the autonomic nervous To control for potential effects of light, rather than heat, on
system in controlling heart rate of ectotherms, we postulateldeart rate, experimental trials were run with a cold, optical fibre
that autonomic neural mechanisms were responsible for hedight (Euromex) covered with red plastic foil instead of the
rate regulation during body heating and cooling in theanfrared heat lamp.
bearded dragofogona barbataa heliothermic lizard. More
specifically, we tested the hypothesis that changes in cholinergic Pharmacological protocol and treatments
and-adrenergic tone on the heart are responsible for the heartThe effect of the autonomic nervous system on heart rate
rate hysteresis observed during heating and cooling in reptileduring heating and cooling was investigated by chemically
Identification of the mechanism controlling heart rate duringolocking thep-adrenergic and muscarinic receptors. Atropine
heating and cooling is of importance, because it will help usulfate (1.5mgkgtbody mass) was used as a muscarinic
to understand how reptiles regulate their body temperatumeceptor (cholinergic) antagonist, afedrenergic receptors
physiologically, and indicate on which physiological were blocked with the antagonist sotalol hydrochloride
systems selection pressures may have acted to produce {80 mgkglbody mass). Atropine and sotalol were dissolved
thermoregulatory strategies seen in vertebrates today. in 0.9% saline and injected intraperitoneally. Saline solution

was injected for control treatments.
) The experiment consisted of four treatments: Control 1,
Materials and methods heating and cooling after injection with saline solution; Control
Experimental animals and set-up 2, cold red light after injection of saline solution; Treatment 1,

Seven bearded drago®gona barbatawere hand-captured heating and cooling after blocking the cholinergic nervous
in south-east Queensland, Australia (24.4°S, 16B.2and system by injecting atropine; Treatment 2, heating and
transferred to outdoor cages at The University of Queensland @ooling after administration of atropine and sotalol injected
Brisbane, Australia. Animals were held for the duration of thesimultaneously. The pharmacological protocol follows details
experiments (2—3 weeks), after which they were released described by Altimiras et al. (1997). Lizards were injected 2h
their point of capture. Lizards were transferred to a constaftefore conducting heating and cooling trials to minimize the
temperature room (22.5°C) at least 24 h before experiments, sffect of handling stress. Blockade of the cholinergic and
that body temperatur®, equalled ambient temperature at theadrenergic systems was established from stabilization of heart
start of experimentation. Heart rate signals from one individuaiate, which typically occurred 30—60 min after injection of the
were very weak and obscured by environmental noise, so thahtagonists. During each treatment, heart rate Tandere
data from only six animals are presented here. monitored at least 5min before the heat/cold lamp was

For the duration of the experiments, lizards were kept iswitched on, and experimental equipment could be operated
plastic containers (37x28 cm), which were large enough for without disturbing the animals. As a rule, lizards sat quietly
the animals to sit comfortably on the bottom without, howeverin the plastic container, but some of the animals moved
allowing extensive movement. Electrocardiograms (ECGsdccasionally, and this was clearly discernible on the ECG trace
were measured with a high gain AC amplifier (BioAmp, ADby the presence of electromyograms from skeletal muscular
Instruments, Powerlab frontend) that was connected to a 4etivity. These data were omitted from the analysis.
channel PowerLab (AD Instruments). The signals were sampled
at 30Hz by Chart software run on a Toshiba Laptop computer, Analysis
which also calculated heart rates. Electrodes consisted of Changes in heart rate were analysed statistically by a three-
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way analysis of variance (ANOVA) with heating/cooling, On Off
treatment (control, atropine, atropine and sotalol) and lizar
(1-6) as factors. To overcome possible dependence of sequen
measurements, heart rate measurements were randomized,
a random sub-sample of 15 measurements per level of ea

factor were used in the analysis. Cholinergic ratlirenergic O a
tones were calculated as follows (Altimiras et al., 1997): E g
Cholinergic tone (%) = g §
[(HRcontroi— HRchol)/HRcompletd X100, (1) % | ﬁ«

- g 204 S
Adrenergic tone (%) = 14 1 5
[(H Rcomplete- HRchol)/H Rcompleté x100, (2) E 60'- %

where HRontrol IS heart rate during control treatment, ¢dfR

is heart rate during cholinergic blockade (atropine treatment ]

and HRomplete is heart rate during complete autonomic 20

blockade (atropine + sotalol). e
Changes ifB-adrenergic and cholinergic tone during heating 0 20 40 60 80 100 120

and cooling were analysed by model 1 linear regressio Time (min)

analysis with tone as the dependent variable Bnds the

independent variable. Data' were presented_ln chronolog'cline) in Pogona barbataluring heating and cooling. The first vertical

order, but _rather than plotting time on 'tk}GaXIS,. tone was line in each panel indicates when the infrared heat lamp was

plotted againsty so that the problem of slightly different body g\itched on, and the second vertical line indicates when the lamp

masses and, therefore, different heating and cooling times was switched off. Lizards in the control treatment (A) were injected

the study animals, was overcome. with saline, the muscarinic receptors were blocked during the
Rates of heating and cooling were expressed as the transiatropine treatment (B) and cholinergic muscarinic Bratirenergic

rate of change in the internal temperature of the lizards. Bocreceptors were blocked by injection of atropine+sotalol (C). All

temperature was expressed as the dimensionless tempera1pharmaceuticals were administered 2 h before experimentation.

0=(Tb—Te)/(Ti—Te), WhereTe is the operative temperature during

the heating or cooling trial, afgis the initial body temperature with a fibre optic, cold lamp, which confirms that lizards

of a lizard at the beginning of each heating or cooling episodespond to heat rather than to ligier se(Fig. 2).

(Seebacher, 2000). Rates of heating with the different treatmentsHeart rate was significantly faster during heating than

were compared by regressingdnéver time for the heating trial cooling in all lizards and for all treatments; 505=1282.12,

of each lizard, and comparing the slopes of the regression byP&0.0001; Fig. 3), but heart rate varied significantly between

40

Fig. 1. Representative examples of heart rate (circles)Tausolid

one-way analysis of variance with treatment as factor. lizards F55031658.43,P<0.001) and between treatments
Results ° Heart rate

There was a pronounced heart rate response to tl
application of heat under all experimental treatments and ine _
lizards (Fig. 1A-C, representative example from lizard 1) £ Lamp on Off
Heart rate increased after the heat lamp was switched on ar .2 1 4 A
in the control treatment (Fig. 1A), it more than trebled (from
20 to 74 beats mid) during the 10°C increase . As soon
as the heat lamp was switched off, heart rate droppe
instantaneously by more than 10 beatstin the control
treatment of lizard 1 (Fig. 1A). This drop in heart rate was
apparent in the other study animals as well, and the me:
instantaneous decrease in heart rate when lights were switct
off was 10.0+2.4 (mean<e.m.) beats mint. The drop in heart
rate at the moment the heat lamp was turned off was much le o000 o0 do 002 %0 0 %
pronounced with a cholinergic blockade (Fig. 1B). The hear - o
rate response to heat was much delayed with a total autonon 0 5 10 5
blockade (Fig. 1C), and the dramatic drop in heart rate seen .. Time (mir)
the control treatment was absent. Moreover, there was IFig. 2. Representative example of the cold red light control.
response in heart rate when the control treatment was repeaExposing lizards to cold red light had no effect on heart rafg.or
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Fig. 3. Heart rates of all lizards during heating (open circles) and cooling (filled circles). Heart rate hysteresis waslappgrére control
treatment (Control) as well as during the cholinergic blockade (Atropine) and the combined cholingaicenergic blockade (Sotalol).
Values are meansste.M. (N=6).

3 (F2,505387.09,P<0.001). Although blocking the cholinergic
Atropine and B-adrenergic systems did not eliminate the heart rate
gg&tg?l hysteresis pattern, the different treatments did affect the
magnitude of the hysteresis. Expressed as the ratio of heart rate

during heating to heart rate during cooling (Fig. 4), the
magnitude of heart rate hysteresis varied significantly between
different treatmentd,50546.58,P<0.0001), but the effect of
the treatments also varied between lizards (Fig. 4). Cholinergic
blockade significantly increased the magnitude of heart rate
hysteresis in lizards 1 and 6 compared to controls, and
combined cholinergic B-adrenergic blockade increased the
magnitude of the hysteresis in lizards 5 and 6. The ratio of
heating to cooling heart rates was greatest in the control
6 treatments of lizards 3 and 4.

Mean(-adrenergic tone on the heart was initially extremely

Fig. 4. Th tude of the heart rate hvsteresis during heat high (>90%) during heating, and it decreased steadily as the
'9. 4. 1he magnhitude of the heart rate hysteresis auring ga '"g aMimals continued to heat up (Fig. 5A1,107123.11,
cooling (expressed as the ratio of heart rate during heating:heart r %0 0001). Note. h that i diatel fter the heat
during cooling) was significantly different between lizards 1-6 an ) )- Note, however, that immediately after the hea

treatments (Atropine, cholinergic blockade; Control, control_am_p_ was SW't(‘fhed onB—adrenergE: _tone vc_aned between
treatment; Sotalol, cholinergic P-adrenergic blockade). For details, individuals, and it was as low as 10 % in one lizard (see below,

Fig. 6). During the cooling period, there was a slight increase
in meanB-adrenergic tone as the heat

Heart rate (hesting:cooling)

Lizard

see text. Values are means.g&m.

120 120 lamp was turned off, byg-adrenergic

A B tone decreased with decreasing to
100 1 1001 an overall low of 30.9 % at the end of

S S . the cooling episode F,9=19.33,
o 807 o 807 P<0.01). Cholinergic tone was
2 } 2 overall less than adrenergic tone
é 60+ } % 'é 60 during heating and cooling (Fig. 5B),

() (&) L ] .

& 404 {H % H S a0ll]e but it was also greatest at the
S L l beginning of the heating episode
< 20 - © 20 - H l and decreased aslp, increased

: (F1,10=15.06, P<0.01). During

cooling, cholinergic tone did not

2224 2628 30 32 30 28 26 24 22
Body temperature®C)

0 T T T T T T T T T T T
2224 26 28 30 3230 28 26 24 22
Body temperature®C)

change, remaining at the low levels it
reached at the end of the heating
Fig. 5. Adrenergic (A) and cholinergic (B) tone on the heart during heating (filled circles) fsgiod €1,9-1.26,P=0.29).

cooling (open circles). Heart rate data were plotted agBimktring the heating and cooling trials so ~ Looking at a finer resolution of the
that the different body masses of the lizards were not confounding factors. Values are seemans +tone on the heart during control
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treatments of individual lizards around the time when the heatcrease the cholinergic tone on their heart when heated,
lamp was switched off (Fig. 6) reveals an interesting patterrcounteracting a temperature-induced increase in hearQate (
The B-adrenergic tone decreased sharply as the heat lamp weffect), so that heart rate was thermally independent (Franklin et
switched off in lizards 1 and 4 (Fig. 6A,D), while cholinergic al., 2000). Care has to be taken, however, in drawing the
tone increased at ‘lamp off' in lizards 3 and 6 (Fig. 6C,F). Naconclusion that heart rate i barbatais primarily controlled
discernible patterns existed, however, in lizards 2 and by [-adrenergic receptors, because we found significant
(Fig. 6B,E). Note that the negative cholinergic tone in lizard 3lifferences between individual lizards.
(Fig. 6C) is due to heart rate during cholinergic blockade being All lizards responded with a sudden drop in heart rate as the
greater than during control. This pattern indicates a very loweat lamp was switched off, and this response appears to be a
cholinergic tone during the final part of the heating phase so theholinergically mediated reflex as it disappears with the
intra-individual variation in this particular lizard masks theadministration of atropine. The extremely rapid response to the
effect, if there is any, of the cholinergic branch on heart rate. removal of the heat source could indicate that thermal sensors
Rates of heating were significantly
different between the different treatme

(F2,15=4.55, P<0.03; Fig. 7) indicating th 100 << 100
the autonomic nervous system may pl: - - A B
role in thermoregulation. Lizards hea 80 1 ., 801
faster with a cholinergic blockade tt & e
under control conditions, and rates ¢ 607 % . . 60 1
heating decreased when the autonc £ ® °°°°°o(; €
nervous system was totally blocked (Fig. § 40 1 0 °° &°o ° 40 1
- 20 e R A
Discussion veo 0 oo ,°
Control by the cholinergic andp- 0 . . . . 0+—"reo—2 : ;
adrenergic control systems does not acc % 4 2 0 2 4 6 -6 4 2 0 2 4 6
for the heart rate hysteresis patternAr 40 . 100
barbata and heart rate during heat . * C D
remained significantly faster than heart 80 -
during cooling at anyly following injectior = 20 °° o° oo
of atropine and sotalol. Nonetheless, tl ‘i’ * 60 - °
was an autonomic response to heat,an  § (4 eo’o
influence of both the cholinergic art < °o 0] oo ° oo
adrenergic neural control systems on t % *8 % g ° .
rate had a significant effect on rates —20 1 201 o ¢« °
heating. Lizards heated most rapidly in
presence of a cholinergic blockade, a0l . . . 0 . . . .
slowest when3-adrenergic pathways we 6 -4 2 0 2 4 6 6 -4 2 0 2 4 6
concurrently blocked. This is in agreerr
with the finding that cholinergic tone 100 100 =
relatively high during heating, and t E
adrenergic tone is extremely high dui 801 o 801 o
heating. Thep-adrenergic branch of t g 6g 0000 °
autonomic nervous system significai o 607 °¢ 60+
increased heart rate, and higtadrenergi 2 ° 6 0% o
tone during heating could be expected il g 401ees . » 407 ° *
lizard attempted to increase rates of hea T ., . ° AL R S
Considering mean values from all liza 20 ‘e 20 °© o ° v,
it would appear that heart rate Bf barbate
is regulated primarily by variation of tt& 0 - . . . 0 ' ' ' '
adregergic tone on the heart. This is % 4 -2 0 2 4 6 ° 42 0 2 46
contrast to fish, where heart rate du Time (min) Time (min)

exercise is regulated primarily by variatiol  Fig. 6. The tone on the heart of individual lizards (A—F) several minutes before and after
the cholinergic tone on the heart (Axels! the heat lamp was switched off at the end of the heating episode. The time at which the
1988; Altimiras et al., 1997; Axelsson et  lamp was switched off is indicated by the vertical line at 0 min ox-thés. Filled circles,
2001). Moreover, antarctic fish were foun  adrenergic tone; open circles, cholinergic tone.
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32 < appears, therefore, that there are other regulatory mechanisms
e . . . .
_ A controlling heart rate during heating and cooling and these may
4 Atropine 1 s be more important in thermoregulation.
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