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Abstract 
Reciprocal variations in the heart rate (HR), pulmonary vascular resistance 
(Rpud) and pulmonary blood flow (Q,,,) are associated with intermittent lung 
breathing in reptiles. During ventilation Rpu~ decreases and the HR and the Qpu1 
increase. In contrast, Rput increases and the HR and Qput decrease during apnea. 
Besides these changes, intermittent ventilation is associated with changes in the 
distribution of blood flow between the pulmonary and systemic circulations. A 
right-to-left (R-L) intracardiac shunt predominates during apnea, while during 
ventilation a left-to-right intracardiac (L-R) shunt predominates. These changes 
in the HR, Qpu, Rpul, and intracardiac shunting may be under adrenergic and 
cholinergic control. Recent experiments in the turtle Pseudemys scripta support 
this hypothesis. In this species, cholinergic stimulation resulting from electrical 
stimulation of vagal efferent nerves or infusion of acetylcholine resulted in a 
bradycardia, an increased Rput, a reduced Qpuj, and the development of a net R-L 
intracardiac shunt. The net R-L shunt flow was 6 mL/min/kg and represented ap- 
proximately 40% of the systemic blood flow. The changes in HR, Rpul, and Qpul 
were eliminated by atropine. The R-L shunt was also eliminated by atropine. In 
contrast, adrenergic stimulation, resulting from electrical stimulation of vagal af- 
ferent nerves or infusion of epinephrine resulted in a tachycardia, a decrease in 
Rp,,, an increased Q,,, and the development of a net L-R shunt. The net L-R shunt 
flow was 28 mL/min/kg, representing 58% of the Q,,u. Preliminary evidence sug- 
gested that the changes in the HR, Qput, and Rpul during vagal aferent stimula- 
tion were reduced by propranolol. The results of this study support the hypothesis 
that the size and direction of the intracardiac shunt is determined by the relative 
resistances offered by the pulmonary and systemic circulations. 

Introduction 

Intracardiac shunting normally occurs in chelonians (turtles) and squamates 
(lizards and snakes). The complex cardiac anatomy of these animals allows 
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the systemic venous blood to bypass the lungs and pulmonary venous blood 
to bypass the systemic circulation. The magnitude of cardiac shunting may 
be affected by the physiological state of the animal. In particular, cardiac 
shunting may vary as a function of ventilatory state. Many reptiles are inter- 
mittent lung breathers. Systemic venous blood bypassing the lungs may 
predominate during apnea, while recirculation of pulmonary venous blood 
through the lungs may occur during the brief ventilatory periods. The ability 
to regulate intracardiac shunting may provide several adaptive functions for 
intermittently breathing reptiles (table 1; Burggren 1987). 

The mechanisms controlling the direction and size of intracardiac shunting 
are not well understood. Factors that affect cardiac function (heart rate [HR] 
and contractility) and the vascular resistances of various vascular beds can 
potentially regulate intracardiac shunting. These factors may include adren- 
ergic and cholinergic mechanisms as well as nonadrenergic noncholinergic 
(NANC) systems. The purpose of this article is to review the cardiac anatomy 
of noncrocodilian reptiles and to describe the possible role of cholinergic 
and adrenergic regulation in cardiac shunting. Experimental evidence sup- 
porting cholinergic and adrenergic control of intracardiac shunting in turtles 
will be presented. 

Cardiac Anatomy 

The hearts of noncrocodilian reptiles are made up of two separate atrial 
chambers and a single ventricle. The ventricle is subdivided into three an- 
atomically interconnected chambers or cava (fig. 1). A distinctive feature of 
the ventricular anatomy is the presence of a septum-like structure called 
the muscular ridge or Muskelleiste. The muscular ridge originates from the 
ventral ventricular wall, running from apex to base, and divides the ventricle 
into a smaller cavum pulmonale (CP) and larger cavum dorsale (Van Mierop 
and Kutsche 1981). The dorsolateral border of the muscular ridge is free, 
allowing potential communication between the CP and cavum dorsale (Van 
Mierop and Kutsche 1981). A second incomplete vertical septum, which 
originates from the dorsal aspects of the muscular ridge to the dorsal wall 
of the cavum dorsale, further subdivides the cavum dorsale into the cavum 
arteriosum (CA) and the cavum venosum (CV). 

In all reptiles, three great vessels arise from the ventricle: the pulmonary 
artery, the right aortic arch (RAo), and the left aortic arch (LAo). The pul- 
monary artery emerges to the left of the two aortic arches and originates 
from the CP. The RAo and LAo arise from the CV. In addition, the RAo 
divides into subclavian and carotid arteries, and a third branch of the RAo 
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Fig. 1. Schematic representation of the heart of noncrocodilian reptiles. 
PA, pulmonary artery; RAt, right atrium; LAt, left atrium. Drawing is 
modified from original line drawing by F. N. White (unpublished). 

unites with the LAo mediocaudally to form the dorsal aorta (Van Mierop 
and Kutsche 1985). 

Intracardiac Shunts 

These anatomical features of the reptilian heart result in the potential for 
intracardiac shunting. Cardiac shunts are defined as right-to-left (R-L) or 
left-to-right (L-R). An R-L shunt represents systemic venous blood bypassing 
the pulmonary circulation and reentering the systemic circulation. In con- 
trast, recirculation of pulmonary venous blood into the pulmonary arterial 
circulation is called an L-R shunt. If the systemic blood flow (Qsys) and 
pulmonary blood flow (Qpui) are measured, then intracardiac shunting can 
be represented as the difference between these two flow rates (Qpu - Qsys). 
This difference is referred to as the net shunt flow. 

In reptiles, the net shunt flow does not provide a complete description of 
intracardiac shunting. The anatomical arrangement of the ventricular cava 
(see fig. 1) allows for bidirectional shunting, in which an L-R and R-L shunt 
both occur during the cardiac cycle (Heisler and Glass 1985; Ishimatsu, Hicks, 
and Heisler 1988; Hicks and Comeau 1994). In hearts with bidirectional 
shunting, the net shunt flow may underestimate the actual shunt flows. A 
simple model illustrates this point (fig. 2). In this model, the QpuI is equal to 
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Qpul = 100 ml/min Qsys = 50 mI/min 

Pulmonary Systemic 

L-R - 80 ml/min 

OR-L - 30 ml/min 

Right Atrium Left Atrium 

QRAt = 50 ml/min QLAt = 100 ml/min 

Fig. 2. Model of bidirectional intracardiac shunting in reptiles. Open ar- 
rows represent oxygenated blood; filled arrows represent deoxygenated 
blood. See text for detailed description. 

the systemic venous return (Qt) plus the actual L-R shunt flow (-R) minus 
the actual R-L shunt flow (Q-L ). Accordingly, the Qsys is the sum of the 
pulmonary venous return (Q~t) and the QRL minus the Q-R. In this example, 
the net L-R shunt flow is 50 mL/min. However the L-R is 80 mL/min, which 
represents 80% of the QpuI. This contribution of the L-R to the pulmonary 
circulation is called the shunt fraction (QL-R/Qpu). In this model, the Qsys 
results from a QR-L of 30 mL/min and the R-L shunt fraction (QR-L/ys) is 60%. 
Under the flow conditions provided in this example, the R-L shunt flow cannot 
be detected from measurements of net shunt flow. Bidirectional shunting 
can be quantified by measurements of blood oxygen content from arterial 
and cardiac sites (Ishimatsu et al. 1988) or by the simultaneous injection of 
radioactively labeled microspheres into the left and right atrium (Heisler, 
Neumann, and Maloiy 1983). The measurement of net shunts, either L-R or 
R-L, require careful interpretation if bidirectional shunting is present. 

Intracardiac Shunting Patterns and Ventilatory State 

Intermittent ventilatory patterns are a characteristic feature of many che- 
lonians and squamates. Such patterns consist of brief periods of ventilation 
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interspersed among apneas of variable duration (Shelton, Jones, and Milsom 
1986). The ventilatory state (ventilation or apnea) is often associated with 
changes in the size of the R-L and L-R intracardiac shunt. However, the 
precise flow ratios and absolute magnitudes of these intracardiac shunts are 
virtually unknown. Regardless, for a few species of chelonians and squa- 
mates, the cardiovascular events that occur during intermittent ventilation 
have been described. 

Apnea 

During apnea, associated with quiet breathing or diving, there is a brady- 
cardia coupled with an increase in the pulmonary vascular resistance (Rpu1), 
which leads to a reduction in the Qp~l. For example, in the freely diving 
turtle Pseudemys scripta, the HR decreases by 80% and the Rpu1 increases 
by 150%. These changes result in an 80% reduction in the Qpul (Shelton and 
Burggren 1976). Blood flow measurements suggest that a net R-L shunt 
develops during apnea (White and Ross 1966; Shelton and Burggren 1976). 
The net R-L shunt flow is estimated to be 5-10 mL/min/kg. In the turtle, 
analysis of measurements of the partial pressure of oxygen (Po2) of blood 
from arterial and cardiac sites confirms an R-L intracardiac shunt during 
apnea (Burggren and Shelton 1979; White, Hicks, and Ishimatsu 1989). 

The actual shunt flows during apnea have been estimated in a varanid 
lizard and in turtles (Heisler and Glass 1985; White et al. 1989). In the lizard 
Varanus exanthematicus, at a body temperature of 300C, the R-L shunt flow 
is 11 mL/min/kg, or approximately 31% of the Qsys (Heisler and Glass 1985). 
In the turtle Chrysemys picta at 300C, the R-L shunt is 18 mL/min/kg, or 
approximately 61% of the Qyy, (Heisler and Glass 1985). In this turtle, the 
R-L shunt flow decreases to 8 mL/min/kg at a body temperature of 150C. 
The R-L shunt flow at this temperature is 60% of the Qsys. In these reptiles, 
the fractional R-L shunt did not change during ventilation (Heisler and Glass 
1985). In contrast, a microsphere study of the turtle P. scripta shows that 
the fractional R-L shunt is greater during apnea than during ventilation (White 
et al. 1989). 

Several studies have shown that an L-R shunt also occurs during apnea. 
In the lizard V exanthematicus and in the turtle C picta a fractional L-R 
shunt of 11%-20% occurs during apnea (Heisler and Glass 1985). Measure- 
ments of blood Po2 from the pulmonary artery and the left and right atrium 
confirms an L-R intracardiac shunt during apnea (White et al. 1989). The 
mechanism responsible for this L-R shunt has been discussed in detail 
(Heisler and Glass 1985; Hicks and Comeau 1994). 
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Ventilation 

During ventilatory periods, the cardiovascular changes are the reciprocals 
of those occurring during apnea. For example, in the turtle P. scripta the 
HR doubles and the Rpul decreases by more than 50%, which leads to a 
threefold increase in the QpuI (Shelton and Burggren 1976). Blood flow 
measurements from selected arteries estimate that a net L-R shunt develops 
during ventilation (White and Ross 1966; Shelton and Burggren 1976). The 
net L-R shunt is 30-50 mL/min/kg. Recent studies of the snake Acrochordus 
granulatus show that Qu0, is 10-fold higher than Qss during ventilation (Lil- 
lywhite and Donald 1989). This may be the largest net L-R shunt measured 
for an intermittently breathing reptile. In the turtle P. scripta analysis of the 
blood Po2 from the left atrium, right atrium, and pulmonary artery confirms 
an L-R intracardiac shunt during ventilation (White et al. 1989). 

The magnitude of the L-R shunt flow during ventilation has been estimated 
in the lizard V exanthematicus and the turtle C. picta at 30 C. In the lizard, 
the QL R is approximately 3 mL/min/kg and is 11% of the Qpu. In the turtle, 
the QL R shunt is 5.5 mL/min/kg, which represents 18% of the Qpul (Heisler 
and Glass 1985). 

An R-L intracardiac shunt also occurs during ventilation. In the lizard 
V exanthematicus and the turtle C. picta, the fractional R-L shunt is 
10%-25% during ventilation (Heisler and Glass 1985). In the turtle P. 
scripta, measurements of blood Po2 from cardiac and arterial sites indicate 
a 20%-30% fractional R-L shunt during ventilation (White et al. 1989). 
The mechanism responsible for this R-L intracardiac shunt has been dis- 
cussed in detail (Heisler and Glass 1985; Hicks and Comeau 1994). 

Adrenergic and Cholinergic Regulation of the Cardiovascular System 

The size and direction of intracardiac shunting will be determined by factors 
that control cardiac function (HR and myocardial contractility) and the vas- 
cular resistance of the pulmonary and systemic circulations. These factors 
certainly include adrenergic and cholinergic mechanisms (Berger and 
Burnstock 1979; Nilsson 1983). In addition, NANC systems may play an 
important role in controlling cardiovascular function in reptiles (Lillywhite 
and Donald 1989; Conlon, Hicks, and Smith 1990). 

Cholinergic Regulation 

The vagus may be the primary regulator of the HR during ventilation and 
apnea (Burggren 1975). A great deal of evidence shows that both the atria 
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and the ventricle are innervated by the vagus nerve (see Berger and Burn- 
stock [1979] for review). In the turtle P. scripta the bradycardia that occurs 
during apnea is eliminated by an intravenous infusion of atropine (Burggren 
1975). In contrast, intravenous administration of propranolol has no effect 
on the bradycardia that occurs during apnea (Burggren 1975). In P. scripta, 
electrical stimulation of the vagus nerve results in a bradycardia that is abol- 
ished by atropine (Comeau and Hicks 1994). 

The pulmonary vasculature of chelonians and squamates exhibits a cho- 
linergic vasoconstrictor innervation. Electrical stimulation of the vagus nerve 
results in an increase in the Rpj, in turtles, lizards, and snakes (Luckhardt 
and Carlson 1921; Berger 1972, 1973; Burggren 1977; Milsom, Langille, and 
Jones 1977; Smith and MacIntyre 1979; Donald, O'Shea, and Lillywhite 1990; 
Hicks and Comeau 1994; Comeau and Hicks 1994). This increase is abol- 
ished by atropine. The development of an R-L shunt may be under cholin- 
ergic control (White 1976). In the turtle P. scripta electrical stimulation of 
the vagus nerves results in a reduction in the Po2 of both the LAo and RAo 
(Burggren 1978; Hicks and Comeau 1994). This reduction in the arterial 
Po2 occurs even though the pulmonary venous and systemic venous Po2 
remain unchanged. The systemic arterial Po2 is also decreased by the intra- 
venous infusion of acetylcholine (ACh) (Hicks and Malvin 1992). The effects 
of cholinergic stimulation on the R-L or the net R-L shunt have not been 
determined. 

Adrenergic Regulation 

In turtles cardiac sympathetic nerves leave the spinal cord at the level of 
the tenth spinal nerve, run forward through three ganglia of the sympathetic 
chain, and extend toward the heart (Gaskell and Gadow 1884). Sympathetic 
fibers innervate the atrium and ultrastructural observations confirm that fibers 
containing vesicles typical of adrenergic nerves occur in the ventricular 
myocardium of turtles (Yamauchi and Chiba 1973). Stimulation of these 
fibers result in an acceleration of the HR. This effect is blocked by bretylium 
(an adrenergic neurone-blocking agent) (see Berger and Burnstock [1979] 
for review). Increases in the HR occur after intravenous administration of 
epinephrine and norepinephrine (Berger and Burnstock 1979; Comeau and 
Hicks 1994). 

Histochemical studies show adrenergic nerves in the pulmonary vas- 
culature of the lacertilian Trachysaurus rugosus (McLean and Burnstock 
1967; Furness and Moore 1970) and the file snake, A. granulatus (Lil- 
lywhite and Donald 1989). In the rat snake Elaphe obsoleta, adrenergic 
innervation is present on the pulmonary artery, the smaller pulmonary 
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arteries and veins, and the main pulmonary vein (Donald et al. 1990). 
The functional role of adrenergic nerves in the pulmonary vasculature is 
contradictory. Luckhardt and Carlson (1921) reported a differential effect 
of epinephrine on the pulmonary vasculature. In the turtles Chrysemys 
and Malacoclemys small doses of epinephrine produce a vasodilation, 
whereas larger doses produce a vasoconstriction. In contrast, the adren- 
ergic agents norepinephrine, isoprenaline, or phenylephrine have no 
effect on the pulmonary arterial tone in the tortoise (Berger 1972). In 
the turtle C. scripta electrical stimulation of the cervical sympathetic 
nerves produces no change in the pulmonary perfusion pressure (Milsom 
et al. 1977). In addition, infusion of epinephrine, in a dose range from 
1 to 100 ytg, does not affect the pulmonary artery pressure (Milsom et al. 
1977). In contrast, a marked pulmonary vasodilation results from the 
injection of epinephrine into the pulmonary artery of the rat snake (Don- 
ald et al. 1990). Administration of propranolol eliminates this response. 
In the rat snake, electrical stimulation of the vagus nerve produces a 
biphasic response in Rpu . During the stimulation there is a pulmonary 
vasoconstriction, followed by a poststimulatory pulmonary vasodilation 
(Donald et al. 1990). The administration of bretylium or propranolol 
eliminates this poststimulatory vasodilation. This later observation sug- 
gests the Qpu is regulated by the reciprocal interaction of adrenergic and 
cholinergic nerves (Donald et al. 1990). 

Recent evidence from the turtle P. scripta shows that electrical stim- 
ulation of vagal afferent fibers results in an increase in HR, a reduction 
in Rpul, and an increase in systemic vascular resistance (Rsys). These 
changes result in an increase in Qpul and a decrease in Qsys (Comeau 
and Hicks 1994). These cardiovascular changes are reduced follow- 
ing administration of bretylium. Finally, an intravenous infusion of 
epinephrine (0.1 gtg/kg) produces cardiovascular changes similar 
to those measured during vagal afferent stimulation (Comeau and 
Hicks 1994). 

Adrenergic control of intracardiac shunting is not well studied. Anal- 
ysis of blood Po2 from the systemic arteries and from cardiac sites in- 
dicates that adrenergic stimulation may abolish the R-L shunt. An intra- 
venous infusion of epinephrine eliminates the systemic venous 
admixture in the aortic arches of the turtle P. scripta (Hicks and Malvin 
1992). A similar result is obtained during electrical stimulation of vagal 
afferent nerves in this same species (Hicks and Comeau 1994). Intra- 
venous infusion of epinephrine may produce a large net L-R shunt in 
turtles (Comeau and Hicks 1994). 
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Material and Methods 

In our laboratory we have focused on the role of the vagus nerve on control 
of central vascular blood flow in the turtle Pseudemys scripta. Recently, we 
have addressed the hypothesis that the size and direction of intracardiac 
shunting results from the reciprocal interplay of the adrenergic and cholin- 
ergic mechanisms (Comeau 1992; Hicks and Malvin 1992; Comeau and 
Hicks 1994; Hicks and Comeau 1994). The purpose of this study was to 
quantify the effects of vagal nerve stimulation on the size of the net R-L or 
net L-R shunt flow. Studies were conducted in five animals (X= 1.65 + 0.34 
kg, mean + SD), anesthetized (Nembutal, 30 mg/kg), in the supine position 
and ventilated (tidal volume = 25 mL/kg and breathing frequency = 7-10 
beat/min). The following cardiovascular variables were measured or cal- 
culated: HR, Qpu, Qsys, pulmonary arterial pressure (Ppa), pulmonary venous 
pressure (Ppv), central venous pressure, arterial pressure (Psys), Rpul y, net 
L-R shunt flow, and net R-L shunt flow. The Qpui and Qyys were determined 
with ultrasonic transit-time flow probes (2R; Transonic). The Qpui was mea- 
sured by placing a 2R flow probe on the left and right pulmonary arteries. 
The Qs~ywas calculated by measuring the LAo flow (2R flow probe) and 
multiplying by a factor of 2.8. This flow factor was previously determined 
in this preparation (Comeau 1992) and was in good agreement with a pre- 
vious study (Shelton and Burggren 1976). Central vascular pressures were 
measured in four sites. A small section (3-5 mm) of the common pulmonary 
artery was exposed and a 20-gauge i.v. catheter was gently inserted down- 
stream for the measurement of Ppa. The Ppv was measured by inserting a 
catheter into the left atrium by a method previously described (Heisler et 
al. 1983). The central venous pressure was measured by inserting a catheter 
(PE 50) into the right jugular vein and advancing 2-3 cm toward the heart. 
Finally, the Psys was measured by inserting a catheter into the right common 
carotid artery. The pressure catheters were connected to four strain gauge 
pressure transducers (P23XL; Spectramed, Oxnard, Calif.). The HR was 
measured by inserting needle electrodes into the right and left foreleg and 
the left hindlimb and connecting to a cardiotachometer (Type 9857; Sen- 
sormedics, Yorba Linda, Calif.). The R~,1 and XR, were calculated from the 
Poiseuille equation. The net intracardiac shunt flow was calculated by the 
difference between Qpui and Qsys. Analog outputs from the flowmeters, pres- 
sure transducers, and cardiotachometer were connected to a data acquisition 
system (Series 500; Keithley Metrabyte). All cardiovascular variables were 
sampled at 1 Hz and stored onto disk for later off-line analysis. Experiments 
were conducted at room temperature, 210-23C. 
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In this preparation, the right and left cervical vagus nerves were isolated 
and bilateral sectioned (Comeau 1992). Bipolar, silver, stimulating elec- 
trodes were placed on either the efferent or afferent end of the sectioned 
vagus nerve. Stimulation was provided by an A310 Accupulser pulse gen- 
erator coupled with an A360 D/R constant current stimulus isolator (World 
Precision Instruments, New Haven, Conn.). All experiments were conducted 
at room temperature (210-230C). The protocol for these experiments con- 
sisted of control periods followed by periods of electrical stimulation of 
either the vagal afferents or vagal efferents. Stimulation levels were at 10- 
40 pA; 2-5 V, 200 ms duration, 1-3 Hz, and lasted up to 1 min. In addition, 
intravenous infusion of epinephrine, ACh, propranolol, or atropine was pe- 
riodically conducted. 

Results 

Vagal Eferent Stimulation and ACh Infusion 

The cardiovascular variables during control conditions are shown in table 
2. Electrical stimulation of the right VEF resulted in a large increase in Rpu, 
a reduction in HR and a reduction in Qp~, (fig. 3). Similar changes in Qpu,, 
HR, and Rpu~ were observed following a bolus injection of ACh (200 nmol/ 
kg; fig. 3). These cardiovascular changes were completely blocked after 
intravenous administration of 6 gmol/kg atropine (fig. 3). 

Magnitude of R-L Intracardiac Shunting 

A net R-L shunt developed during vagal efferent stimulation (fig. 4). The 
size of the net shunt was a function of the ratio Rpou/RPy (fig. 5). As the Rpui/ 
Rys ratio increased, the net R-L shunt increased. Individual measurements 
of net R-L shunt ranged up to 25 mL/min/kg. The average net R-L shunt 
was 6 + 5 mL/min/kg (X + SD, n = 5). The net R-L represented 40% + 7% 
of the Qsys. A net R-L shunt did not develop after administration of atropine. 

Vagal Afferent Stimulation and Epinephrine Infusion 

Electrical stimulation of vagal afferents resulted in an increase in HR, a 
reduction in 

Rl,, and an increase in Qp, (fig. 6). An intravenous infusion of 
epinephrine (4-5 nmol/kg/min) resulted in similar changes in these cardio- 
vascular variables (fig. 6). Preliminary evidence showed that these changes 
were abrogated by administration of propranolol (10 ltmol/kg; fig. 6). 
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1.65 

30 

15 

.40 

24 

19 

.75 

43 

SD 

.34 

6 

3 

.13 

6 

3 

.20 

4 

Note. 

Pp,, 
represents 

mean 

blood 

pressure 

in 
common 

pulmonary 

artery. 



Cardiac Shunt Regulation in Reptiles 1337 

Vagal Efferent Stimulation ACh Injection VEF + Atropine 
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Fig. 3. Changes in Qpu,, HR, and Rp,t in a single turtle, Pseudemys 
scripta, during electrical stimulation of the right vagal efferent nerve 
(RVEF), after ACh injection and during RVEF after administration of 
atropine. In this series of experiments the level of nerve stimulation was 
20 ptA, 2.5 V, 200 ms duration, 1.5 Hz. The injection ofACh was intrave- 
nous at a dose of 200 nmol/kg and the dose of atropine was 6pmol/kg. 
The animal was 1. 73 kg. 

Magnitude of L-R Intracardiac Shunting 

A net L-R shunt developed during vagal afferent stimulation (fig. 4). The 
size of the net L-R shunt flow was a function of the ratio Rpu~/Rsys (fig. 5). As 
the Rpufl/ys ratio decreased, the net L-R shunt flow increased. Individual 
measurements of net L-R shunt ranged up to 55 mL/min/kg. The overall 
magnitude of the net L-R shunt was 28 + 7 mL/min/kg (X + SD, n = 5). 
This represented 58% + 8% of the Qpu. The size of the net L-R shunt was 
reduced after administration of propranolol (10 pmol/kg) (L-R shunt = 15 
+ 10 mL/min/kg; X+ SD, n = 3). 

Qpu, versus Q,,s 

Figure 7 shows a summary of all flow measurements made in this study. 
The increase in the total cardiac output resulted primarily from an increase 
in the OpuI. 
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Fig. 4. Upper panel, the development of a net R-L shunt during electrical 
stimulation of vagal efferent nerves in the turtle Pseudemys scripta. Elec- 
trical stimulation was 3 V, 2 Hz, 200 ms, 50 gA. Bottom panel, the devel- 
opment of a net L-R shunt during electrical stimulation of vagal aferent 
nerves in the turtle. Electrical stimulation was 3.5 V, 5 Hz, 200 ms, 60 
pA. The animal was 1.8 kg. 

Discussion 

These experiments support the hypothesis that a net R-L shunt is of cholinergic 
origin and that a net L-R shunt is of adrenergic origin. In addition, these results 
support the hypothesis that the size and direction of intracardiac shunts result 
from the reciprocal interplay of cholinergic and adrenergic mechanisms. 

Regulation of lntracardiac Shunt 
The results of this study strongly support the hypotheses that the direction 
and size of intracardiac shunts are dictated by the relative resistances offered 
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Fig. 5. The effects of the ratio Rp,/Rsys, on the net L-R shunt (upper panel) 
and net R-L shunt (bottom panel). 

by the pulmonary and systemic circulations (White and Ross 1966; White 
1976; Burggren 1985). The precise mechanism for the effects of vascular 
resistance on intracardiac shunting is controversial. Currently, there are two 
hypotheses addressing the mechanism of intracardiac shunt: "pressure 
shunting" and "washout shunting." The pressure shunting hypothesis states 
that low-resistance connections exist between the ventricular cava during 
systole that permit nearly unimpeded blood flow through the ventricle. 
Consequently, when the Rpul increases relative to the Rys, a portion of blood 
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Fig. 6 Changes in Qp,,,, HR, and Rput in a single turtle, Pseudemys 
scripta, during electrical stimulation of the left vagal afferent nerve 
(L VAF), following epinephrine (EPI) infusion and during (LVAF) after 
administration ofpropranolol. In this series of experiments the level of 
nerve stimulation was 20 gA, 3 V, 100 ms duration, 5 Hz. The infusion of 
EPI was intravenous at a dose of 4.5 nmol/kg/min and the dose ofpro- 
pranolol was 10 gtmol/kg. The animal was 1.6 kg. 

within the CP (see fig. 1) will be ejected around the muscular ridge into 
the systemic circulation. Conversely, when Rp~1 decreases relative to Rys, a 
portion of blood in the CV and CA will be ejected around the muscular 
ridge into the pulmonary circulation. Evidence supporting the pressure hy- 
pothesis has been reported (Shelton and Burggren 1976). In contrast, the 
washout hypothesis states that during systole, the muscular ridge forms a 
functional separation of the CP from the CV and CA, and thus blood cannot 
flow from the CP into the systemic circulation during systole. In addition, 
the functional separation resulting from the muscular ridge prevents blood 
within the CV and CA from flowing into the pulmonary circulation during 
systole. Therefore, the size of the R-L shunt results from the end-diastolic 
volume of blood in the CV that is "washed" into the systemic circulation 
during systole. Conversely, the size of the L-R shunt is determined by the 
end-systolic volume of blood in the CV that is washed into the CP during 
the subsequent diastole. Variations in the size of the intracardiac shunt result 
from factors affecting diastolic filling and/or systolic ejection from the CV 
and CA (Heisler and Glass 1985). Such factors would include the resistance 
offered by the pulmonary and systemic circulations (Heisler and Glass 1985). 
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Fig. 7. The relationship between total Qput and total Q,ys in the turtle 
Pseudemys scripta during electrical stimulation of the vagus nerve. Indi- 
vidual data points are from five animals and represent both afferent and 
eferent nerve stimulation. 

Evidence supporting the washout hypothesis has been recently reported 
(Hicks and Malvin 1992; Hicks and Comeau 1994). 

Regardless of the precise mechanism for intracardiac shunting, it is clear 
from this study that factors that affect the relative vascular resistances in the 
pulmonary and systemic circulations will influence the size and direction 
of the net intracardiac shunt. Therefore, it is not surprising that the admin- 
istration of atropine, which blocks cholinergic vasoconstriction of the pul- 
monary circulation, eliminated the net R-L shunt that developed during 
vagal efferent stimulation. 

The effects of adrenergic blockade are more difficult to interpret. The net 
L-R shunt results primarily from the large increase in Qpul (fig. 7). It is 
possible that P-adrenergic blockade prevented the development of a pul- 
monary vasodilation and the subsequent increase in Qpul. Thus the net L-R 
shunt was reduced. Alternatively, P-adrenergic blockade may have reduced 
the effects of adrenergic stimulation on myocardial contractility. This study 
could not differentiate between these factors. In addition, this study did not 
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address the effects of a-adrenergic blockade. The a-adrenergic receptors 
play an important role in the regulation of the Rys (Nilsson 1983). It is likely 
that a-adrenergic blockade will also reduce the size of the net L-R shunt by 
preventing an increase in Rys during adrenergic stimulation. 

Finally, this study did not address the role of NANC mechanisms in con- 
trolling intracardiac shunt. Various peptides may play a role in cardiovascular 
function in reptiles. In the snake Acrochordus granulatus there is the pres- 
ence of vasoactive intestinal peptide immunoreactivity in the pulmonary 
vasculature (Donald and Lillywhite 1989). In the turtle Pseudemys scripta 
intravenous administration of Thr6-bradykinin results in a systemic vasodi- 
lation and a increase in the LAo blood flow. Clearly any NANC factor that 
effects the Rpul/Rsys ratio will influence the direction and size of the net 
intracardiac shunt. The NANC control of cardiovascular function in reptiles 
remains a topic for research. 

Intracardiac Shunts and Other Physiological States 

The number of studies that have simultaneously measured the Q~,i and Qsys 
in chronically instrumented animals is limited. Therefore, the direction and 
size of intracardiac shunting during other physiological states, such as ac- 
tivity, changes in body temperature, feeding, and digestion, is virtually un- 
known. Undoubtedly, these physiological states may alter the Rpul/Rys ratio 
and therefore affect the size and direction of the net shunt. Recently, West, 
Butler, and Bevan (1992), measured left pulmonary artery blood flow (Qpul) 
and left aortic arch blood flow (Qo) during rest and swimming in the green 
sea turtle, Chelonia mydas. This study revealed that during exercise the HR 
increased, the Rpu1 decreased, and the Qp~i increased. The total increase in 
cardiac output was accounted for primarily by an increase in QLpul; that is, 
,pul increased more than Qo during exercise. Qualitatively, the relationship 
between Qypu1 and yQo during exercise in C. mydas is very similar to the 
relationship between Qp~, and Qsys in P. scripta measured in this study 
(fig. 7). 

Functional Significance ofL-R Intracardiac Shunting 

Several hypotheses have addressed the adaptive functions of intracardiac 
shunting (table 1). Many of these hypotheses have emphasized the R-L 
shunt that develops during apnea. Of the current set of hypotheses, none 
appear to satisfactorily explain the functional advantage of a large net L-R 
shunt. In terms of oxygen transport efficiency, a large L-R shunt associated 
with an increase in QI would minimize physiological shunting due to the 
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ventilation-perfusion ratio (f7/Q) mismatching in the lung (Wood 1984; 
West et al. 1992). This would improve the level of oxygenation of pulmonary 
venous blood. The V7/Q heterogeneity within the reptilian lung has been 
described only for the alligator Alligator mississipiensis (Powell and Gray 
1989) and the teju lizard Tupinambis nigropunctatus (Hlastala et al. 1985). 
The effects of increasing Qpul or increasing the size of the L-R shunt on 
V/Q heterogeneity have not been determined. The effects of an increase in 
Qui or L-R shunt on the expired P02 to pulmonary venous Po2 gradient has 
not been reported. Recent evidence suggests that the increase in 6QpU during 
adrenergic stimulation does not significantly improve the Po2 of pulmonary 
venous blood (Hicks and Malvin 1992; Hicks and Comeau 1993). In contrast, 
an increase in the level of the L-R shunt may adversely affect oxygen ex- 
change. The mixing of pulmonary venous and systemic venous blood would 
increase the pulmonary arterial P02. This increase would reduce the Po2 
gradient from lung gas to blood and offset any benefit that would result 
from the increase in Qpul. 

In terms of CO2 exchange, the L-R shunts may be beneficial (Ackerman 
and White 1979; White 1985). The mixing of pulmonary venous blood with 
systemic venous blood increases the oxygen saturation of the pulmonary 
arterial blood. This mixing diminishes the capacity of blood to carry CO2 
(the Haldane effect). These changes promote CO2 elimination from the 
lung (White 1985). Theoretically, the amount of CO2 eliminated depends 
on the minute ventilation, the Qpu, the size of the L-R shunt, the slope of 
the CO2 dissociation curve, and the magnitude of the Haldane effect (White 
1985). The effects of an L-R shunt on CO2 elimination have not been ex- 
perimentally verified. 

An additional consequence of an L-R shunt, not previously appreciated, 
may be an improvement in systemic oxygen transport. The systemic oxygen 
transport is the product of mean arterial oxygen content (CaO2) and Qsys. 
During periods of increased oxygen demand, the systemic oxygen transport 
can be improved by increasing CaO2, sys, or both. In turtles, the capacity 
to increase Qsys may be constrained (West et al. 1992; fig. 7). This probably 
results from the adrenergic vasodilation of the pulmonary circulation, making 
the pulmonary circuit the favored route for blood flow. Recent studies have 
shown that an adrenergically induced L-R shunt eliminates the R-L shunt 
and subsequently raises the systemic arterial oxygen saturation to levels that 
are equal to pulmonary venous values (Hicks and Malvin 1992; Hicks and 
Comeau 1994). Thus, total systemic oxygen transport is improved. These 
observations suggest that the elimination of the R-L shunt and the subsequent 
increase in the CaO2 may be important during activity or when there is an 
increased demand for oxygen. 
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This article has shown that the direction and size of intracardiac shunting 
may result from the reciprocal interplay of adrenergic and cholinergic factors. 
Specifically, these factors may alter the relative resistances offered by the 
pulmonary and systemic circulations. The development of an R-L shunt is 
of vagal origin and is under cholinergic control. In contrast, the development 
of an L-R shunt is under adrenergic control. The manipulation of intracardiac 
shunting, either by nerve stimulation or the action of specific agonist and 
antagonist, can be used in both acute and chronic animal preparations. Future 
studies will use these techniques to experimentally test the hypotheses that 
address the functional role of intracardiac shunting. 

Acknowledgments 

The author acknowledges Dr. Atsushi Ishimatsu (Nagasaki University) and 
Dr. Norbert Heisler (Max-Planck-Institute) for many hours of insightful dis- 
cussions on intracardiac shunting during a recent visit to Gittingen. These 
studies have been supported by National Science Foundation grant DCB- 
900458. 

Literature Cited 

ACKERMAN, R., and F. N. WHITE. 1979. Cyclic carbon dioxide exchange in the turtle, 
Pseudemys scripta. Physiol. Zool. 52:378-389. 

BERGER, P. J. 1972. The vagal and sympathetic innervation of the isolated pulmonary 
artery of a lizard and a tortoise. Comp. Gen. Pharmacol. 3:113-124. 

. 1973. Autonomic innervation of the visceral and vascular smooth muscle of 
the lizard lung. Comp. Gen. Pharmacol. 4:1-10. 

BERGER, P. J., and G. BURNSTOCK. 1979. Autonomic nervous system. Pages 1-47 in 
C. GANS, G. NORTHCUTT, and P. ULINKSI, eds. Biology of the Reptilia. Vol. 10. 
Neurology. Academic Press, New York. 

BURGGREN, W. W. 1975. A quantitative analysis of ventilation tachycardia and its control 
in two chelonians, Pseudemys scripta and Testudo graeca. J. Exp. Biol. 63:367- 
380. 

.. 1977. The pulmonary circulation of the chelonian reptile: morphology, phar- 
macology and hemodynamics. J. Comp. Physiol. 116B:303-324. 

.. 1978. Influence of intermittent breathing on ventricular depolarization pat- 
terns in chelonian reptiles. J. Physiol. 378:349-364. 

. 1982. Pulmonary plasma filtration in the turtle: a wet vertebrate lung? Science 
215:77-78. 

-. 1985. Hemodynamics and regulation of central cardiovascular shunts in rep- 
tiles. Pages 121-142 in K. JOHANSEN and W. W. BURGGREN, eds. Cardiovascular 
shunts: phylogenetic, ontogenetic and clinical aspects. Munksgaard, Copenhagen. 



Cardiac Shunt Regulation in Reptiles 1345 

. 1987. Form and function in reptilian circulation. Am. Zool. 27:5-20. 
BURGGREN, W. W., and G. SHELTON. 1979. Gas exchange and transport during inter- 

mittent breathing in chelonian reptiles. J. Exp. Biol. 82:75-92. 
BURGGREN, W. W., A. SMITS, and B. EVANS. 1989. Arterial 02 homeostasis during diving 

in the turtle Chelodina longicollis. Physiol. Zool. 62:668-686. 
COMEAU, S. G. 1992. Vagal regulation of central vascular blood flow in the turtle, 

Pseudemys scripta. M.S. thesis. Creighton University. 
COMEAU, S. G., and J. W. HICKS. 1994. Regulation of central vascular blood flow in 

the turtle. Am. J. Physiol. 267:R569-R578. 
CONLON, J. M., J. W. HICKS, and D. D. SMITH. 1990. Isolation and biological activity 

of a novel kinin ([Thr6] bradykinin) from the turtle, Pseudemys scripta. Endocri- 
nology 126:985-991. 

DONALD, J. A., and H. B. LILLYWHITE. 1989. Vasoactive intestinal polypeptide-immu- 
noreactive nerves in the pulmonary vasculature of the aquatic file snake Acro- 
chordus granulatus. Cell Tissue Res. 255:585-588. 

DONALD, J. A., J. E. O'SHEA, and H. B. LILLYWHITE. 1990. Neural regulation of the 
pulmonary vasculature in a semi-arboreal snake, Elaphe obsoleta. J. Comp. Physiol. 
159B:677-685. 

FURNESS, J. B., and J. MOORE. 1970. The adrenergic innervation of the cardiovascular 
system of the lizard, Trachysaurus rugosus. Z. Zellforsch. Mikrosk. Anat. 108:150- 
176. 

GASKELL, W. H., and H. GADOW. 1884. On the anatomy of the cardiac nerves in certain 
cold-blooded vertebrates. J. Physiol. Lond. 5:362-372. 

HEISLER, N., and M. L. GLASS. 1985. Mechanisms and regulation of central vascular 
shunts in reptiles. Pages 334-347 in K. JOHANSEN and W. W. BURGGREN, eds. Car- 
diovascular shunts: phylogenetic, ontogenetic and clinical aspects. Munksgaard, 
Copenhagen. 

HEISLER, N., P. NEUMANN, and G. M. O. MALOIY. 1983. The mechanism of intracardiac 
shunting in the lizard, Varanus exanthematicus. J. Exp. Biol. 105:15-31. 

HICKS, J. W., and S. C. COMEAU. 1994. Vagal regulation of intracardiac shunting in 
turtles. J. Exp. Biol. 186:109-126. 

HICKS, J. W., and G. M. MALVIN. 1992. Mechanism of intracardiac shunting in the 
turtle Pseudemys scripta. Am. J. Physiol. 262:R986-R992. 

HLASTALA, M. P., T. A. STANDAERT, D. J. PIERSON, and D. L. LUCHTEL. 1985. The matching 
of ventilation and perfusion in the lung of the tegu lizard, Tupinambis nigro- 
punctatus. Respir. Physiol. 60:277-294. 

ISHIMATSU, A., J. W. HICKS, and N. HEISLER. 1988. Analysis of intracardiac shunting in 
the lizard Varanus niloticus: a new model based on blood oxygen levels and 
microsphere distributions. Respir. Physiol. 71:83-100. 

LILLYWHITE, H. B., and J. A. DONALD. 1989. Pulmonary blood flow regulation in an 
aquatic snake. Science 245:293-295. 

LUCKHARDT, A. B., and A. J. CARLSON. 1921. Studies on the visceral sensory nervous 
system. VIII. On the presence of vasomotor fibres in the vagus nerve to the pul- 
monary vessels of the amphibian and reptilian lung. Am. J. Physiol. 56:72-112. 

MCLEAN,J. R., and G. BURNSTOCK. 1967. Innervation of the lungs of the sleepy lizard 
(Trachysaurus rugosus)-1. Fluorescent histochemistry of catecholamines. Comp. 
Biochem. Physiol. 22:809-813. 



1346 J. W. Hicks 

MILSOM, W. K., B. L. LANGILLE, and D. R. JONES. 1977. Vagal control of pulmonary 
vascular resistance in the turtle, Chrysemys scripta. Can. J. Zool. 55:359-367. 

NILssoN, S. 1983. Autonomic nerve function in the vertebrates. Springer, New York. 
POWELL, F. L., and A. T. GRAY. 1989. Ventilation-perfusion relationships in alligators. 

Respir. Physiol. 78:83-94. 
SHELTON, G., and W. W. BURGGREN. 1976. Cardiovascular dynamics of the Chelonia 

during apnea and lung ventilation. J. Exp. Biol 64:323-343. 
SHELTON, G., D. R. JONES, and W. K. MILSOM. 1986. Control of breathing in ectothermic 

vertebrates. Pages 857-909 in N. S. CHERNIACK and J. G. WIDDICOMBE, eds. Hand- 
book of physiology. Sec. 3, The respiratory system. Vol. 2, Control of breathing. 
American Physiological Society, Bethesda, Md. 

SMITH, D. G., and D. H. MACINTYRE. 1979. Autonomic innervation of the visceral and 
vascular smooth muscle of a snake lung (Ophidae: Colubridae). Comp. Biochem. 
Physiol. 62C:187-191. 

VAN MIEROP, L. H. S., and L. M. KUTSCHE. 1981. Comparative anatomy of the ventricular 
septum. Pages 35-46 in A. C. G. WENINK, A. OPPENHEIMER-DEKKER, and A. J. MOULERT, 
eds. The ventricular septum of the heart. Leiden University Press, Boston. 

. 1985. Some aspects of comparative anatomy of the heart. Pages 38-56 in K. 
JOHANSEN and W. BURGGREN, eds. Cardiovascular shunts: phylogenetic, ontogenetic 
and clinical aspects. Munksgaard, Copenhagen. 

WEST, N. , P. J. BUTLER, and R. M. BEVAN. 1992. Pulmonary blood flow at rest and 
during swimming in the green turtle, Chelonia mydas. Physiol. Zool. 65:287-310. 

WHITE, F. N. 1976. Circulation. Pages 275-334 in C. GANS, ed. Biology of the Reptilia. 
Vol. 5. Academic Press, New York. 

. 1985. Role of intracardiac shunts in pulmonary gas exchange in chelonian 
reptiles. Pages 296-309 in K. JOHANSEN and W. BURGGREN, eds. Cardiovascular 
shunts: phylogenetic, ontogenetic and clinical aspects. Munksgaard, Copenhagen. 

WHITE, F. N., J. W. HICKS, and A. ISHIMATSU. 1989. Respiratory states and intracardiac 
shunts in turtles. Am. J. Physiol. 256:R240-R247. 

WHITE, F. N., and G. Ross. 1966. Circulatory changes during experimental diving in 
the turtle. Am. J. Physiol. 211:15-18. 

WOOD, S. C. 1984. Cardiovascular shunts and oxygen transport in lower vertebrates. 
Am. J. Physiol. 247:R3-R14. 

YAMAUCHI, A., and T. CHIBA. 1973. Adrenergic and cholinergic innervation of the 
turtle heart ventricle. Z. Zellforsch. Mikrosk. Anat. 143:485-493. 


	Article Contents
	p. 1325
	p. 1326
	p. [1327]
	p. 1328
	p. 1329
	p. 1330
	p. 1331
	p. 1332
	p. 1333
	p. 1334
	p. 1335
	p. [1336]
	p. 1337
	p. 1338
	p. 1339
	p. 1340
	p. 1341
	p. 1342
	p. 1343
	p. 1344
	p. 1345
	p. 1346

	Issue Table of Contents
	Physiological Zoology, Vol. 67, No. 6 (Nov. - Dec., 1994)
	Volume Information
	Front Matter
	Symposium Papers: Form and Function of Open and Closed Circulations
	The Form and Function of Open and Closed Circulations: An Introduction [pp. 1257-1259]
	Neural Regulation of Arterial Blood Pressure in Snakes [pp. 1260-1283]
	Phylogenetic Trends in the Baroreceptor Control of Arterial Blood Pressure [pp. 1284-1304]
	The Role of Arterial Baroreceptors in the Undivided Circulation of Anuran Amphibians [pp. 1305-1324]
	Adrenergic and Cholinergic Regulation of Intracardiac Shunting [pp. 1325-1346]
	Evidence for Adrenergic Nervous Control of Blood Pressure in Teleost Fish [pp. 1347-1359]
	The Open Circulatory System of Spiders (Eurypelma californicum, Pholcus phalangioides): A Survey of Functional Morphology and Physiology [pp. 1360-1382]
	Circulation in the Gippsland Giant Earthworm Megascolides australis [pp. 1383-1401]
	Blood Pressure Regulation by Aortic Baroreceptors in Birds [pp. 1402-1425]

	Transient-State Thermal Properties of Contact-Incubated Chicken Eggs [pp. 1426-1447]
	Embryonic Heart Rate in Altricial Birds, the Pigeon (Columba domestica) and the Bank Swallow (Riparia riparia) [pp. 1448-1460]
	Seasonal Water and Energy Metabolism of the Desert-Dwelling Kangaroo Rat (Dipodomys merriami) [pp. 1461-1478]
	Metabolic Ceilings under a Combination of Peak Energy Demands [pp. 1479-1506]
	Reproductive and Overwintering Adaptations in Northern Pike (Esox lucius L.): Balancing Essential Fatty Acid Requirements with Dietary Supply [pp. 1507-1522]
	Thermal Acclimation and Genetic Variation in Cuticular Lipids of the Lesser Migratory Grasshopper (Melanoplus sanguinipes): Effects of Lipid Composition on Biophysical Properties [pp. 1523-1543]
	Hemolymph Gases, Acid-Base Status, and Electrolyte Concentration in the Freshwater Clams Anodonta anatina and Unio tumidus during Exposure to and Recovery from Acidic Conditions [pp. 1544-1559]
	Back Matter



