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Autoregulation of cardiac output is overcome by adrenergic
stimulation in the anaconda heart
William Joyce1,*, Michael Axelsson2 and Tobias Wang1

ABSTRACT
Most vertebrates increase cardiac output during activity by elevating
heart rate with relatively stable stroke volume. However, several
studies have demonstrated ‘intrinsic autoregulation’ of cardiac output
where artificially increased heart rate is associated with decreased
stroke volume, leaving cardiac output unchanged. We explored the
capacity of noradrenaline to overcome autoregulation in the
anaconda heart. Electrically pacing in situ perfused hearts from the
intrinsic heart rate to the maximum attainable resulted in a
proportional decrease in stroke volume. However, noradrenaline,
which increased heart rate to the same frequency as pacing,
maintained stroke volume and thus increased cardiac output. In
atrial and ventricular preparations, noradrenaline significantly
increased the force of contraction and contraction kinetics. Thus,
the increased contractility associated with adrenergic stimulation
ameliorates filling limitations at high heart rates. Although heart rate
appears the primary regulated variable during activity, this may only
be achieved with compensatory amendments in myocardial
contractility provided by adrenergic stimulation.

KEY WORDS: Cardiovascular, Heart rate, Stroke volume,
Noradrenaline

INTRODUCTION
Cardiac output, the product of heart rate and stroke volume, delivers
oxygen to respiring cells and must be adjusted as metabolic
requirements change. In most vertebrates, with the exception of
some fish (Farrell, 1991), periods of heightened activity are
accompanied by increased heart rate, whilst stroke volume
changes only modestly (Bevegård and Shepherd, 1967; Secor
et al., 2000; Sandblom et al., 2005).
Whilst ‘frequency modulation’ of cardiac output dominates

amongst vertebrates, changes in heart rate have ensuing effects on
cardiac filling and contractility. It was first noted by Markwalder
and Starling (1914) in dog heart–lung preparations that, under
unchanged filling conditions, decreased heart rate is associated with
a proportional elevation of stroke volume, such that cardiac output is
unchanged. Cardiac output ‘autoregulation’ was later confirmed
in vivo (Noble et al., 1966), and extended to species as diverse as
rainbow trout (Altimiras and Axelsson, 2004) and humans (Munch
et al., 2014). The phenomenon is primarily attributed to reduced
cardiac filling time and pressure (preload pressure) at high

contraction frequencies (Markwalder and Starling, 1914;
Altimiras and Axelsson, 2004). Heart rate is further entwined
with myocardial contractility through the ‘force–frequency’ effect,
which describes the rate-dependent change in myocardial force
production that may be negative, positive or flat, and varies between
species (Shiels et al., 2002; Galli et al., 2006).

In ectotherms, previous focus has centred on the importance of
regulation of the venous system to adjust stroke volume during
tachycardia (e.g. Sandblom et al., 2005; Skals et al., 2005, 2006;
Enok et al., 2016). By mobilizing blood from the veins, preload
pressure may be maintained, or even increased, despite the
increased heart rate during activity (Sandblom et al., 2005; Skals
et al., 2006). This ‘venocentric’ approach, however, overlooks
the potential for regulation of the heart itself. Beta-adrenergic
stimulation of the heart, which typically increases with exercise
(e.g. Wang et al., 2001), may overcome the limitations on stroke
volume by increasing myocardial contractility (Farrell et al.,
1989; Altimiras and Axelsson, 2004). However, Axelsson and
Franklin (1995) observed an autoregulatory response to
adrenaline in in situ perfused crocodile hearts: heart rate
increased, but stroke volume decreased. In the present study,
we assess the generality of this observation and investigate the
capacity of adrenergic stimulation to counter autoregulation of
cardiac output in the yellow anaconda (Eunectes notaeus Cope
1862) heart. The anaconda heart is typical of squamate reptiles
(Jensen et al., 2014) and was therefore chosen as a representative
species for this taxon. Further, the in situ perfused heart
preparation recently developed for this species (Joyce et al.,
2016) allowed precise and independent manipulation of heart
rate, preload pressure, afterload and adrenergic stimulation. The
in situ studies were complemented with an in vitro investigation
to characterize the force–frequency effect and sensitivity to
noradrenaline in atrial and ventricular myocardium.

MATERIALS AND METHODS
Experimental animals
Twelve male yellow anacondas [0.33±0.05 kg (mean±s.d.)] were
obtained commercially and maintained within the Aarhus
University animal care facilities. The snakes were kept in
individual vivaria at 28°C with access to water and fasted for at
least 2 weeks prior to the study. Prior to the in vitro and in situ
protocols, the animals were anaesthetized with isofluorane and
decapitated. All experiments were conducted in accordance with
Danish animal care regulations.

Composition of the Ringer’s solution
The in vitro and in situ protocols employed identical Ringer’s
solution, composed of (in mmol l−1): NaCl (95), NaHCO3 (30),
NaH2PO4 (1), KCl (2.5), MgSO4 (1), CaCl2 (2) and glucose (5),
bubbled with 2% CO2, 50% O2 and 48% N2 (pH 7.7). All
experiments were conducted at 30°C.Received 5 September 2016; Accepted 3 November 2016
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In situ preparations
This experiment used seven snakes (body mass: 0.25–0.4 kg). The
in situ perfused preparations were instrumented as described
previously (Joyce et al., 2016). The posterior caval vein was
cannulated with a 16 gauge stainless steel cannula to deliver
perfusate to the right atrium, the left atrium was perfused by a
19 gauge stainless steel cannula in the pulmonary vein, and the
remaining veins were ligated with 4/0 surgical silk. The common
pulmonary artery, left aortic arch and right aortic arch were
cannulated with polyethylene cannulae (outer diameter: 2 mm)
immediately cranial to the heart, allowing the pericardium to remain
intact. Following instrumentation, the preparation was transferred to
an organ bath containing 0.9% NaCl and perfusion with Ringer’s
solution was resumed.
The double-bored cannulae (see Franklin and Axelsson, 1994)

allowed continuous measurements of pressure at the tip of insertion.
Pressure cannulae (PE-50) were connected to pressure transducers
(PX600; Baxter Edwards, Irvine, CA, USA) that were calibrated
against a static water column. Arterial flows were measured by
ultrasonic flow-through probes (4NRB; Transonic System, NY,
USA) placed in the outflow lines and connected to a Transonic T206
flow meter. Signals from the pressure transducers and flow meter
were recorded with a Biopac MP100 data acquisition (Biopac
Systems, Goleta, CA, USA) at 100 Hz. Heart rate was derived from
the pulsatile flow signals.
The preparations were allowed at least 20 min to stabilize at

intermediate preload pressure (0.2–0.4 kPa) and an afterload of
5 kPa. Thereafter, three ‘Starling trials’ were conducted, where
preload pressure was increased in steps of approximately 0.05 kPa.
The first trial was carried out at the intrinsic heart rate. For the
second trial, two silver electrodes were placed on either side of the
right atrium for electrical pacing of the heart using a Grass SD9
stimulator (Quincy, MA, USA) to attain a heart rate of
50 beats min−1 (0.83 Hz); pilot experiments on sino-atrial
preparations revealed this to be the maximal heart rate attainable
with adrenergic stimulation. The third trial was conducted in the
presence of a saturating dose (10 µmol l−1) of noradrenaline. During
the second trial, pacing failed for one preparation, which was
therefore excluded from the analysis.
Prior to the addition of noradrenaline, but after the paced

Starling trial, we conducted an experiment under constant filling
conditions (i.e. the height of the pressure column filling the heart
was not changed during the trial). Preload pressure was adjusted
to attain a cardiac output of approximately 35 ml min−1 kg−1 and
a stroke volume of 1 ml kg−1 in the absence of pacing.
Thereafter, pacing was resumed, whilst cardiac output and
preload pressure were permitted to change. Pacing lasted until
flows and preload pressure stabilized (<2 min). Perfusion with
noradrenaline then commenced and the intrinsic change in
preload pressure, heart rate and cardiac output were followed
until stabilization (<10 min).
The anaconda heart operates as a single pressure pump (Joyce

et al., 2016), thus cardiac output was calculated as the sum of left
aortic flow, right aortic flow and pulmonary flow and normalized to
body mass (kg). Stroke volume was calculated by dividing total
flow by heart rate. As right and left atrial filling pressures were
controlled in tandem, preload pressure was defined as the average of
right and left atrial filling pressures (kPa) (Farrell et al., 1994). For
each individual preparation, flow and stroke volume were fitted to
preload pressure using a third-order polynomial function. The
polynomial equations from each animal were then combined to
generate data at set points (0.05 kPa intervals) to produce composite

graphs consisting of means of all animals (Franklin and Axelsson,
1994; Wang et al., 2002).

In vitro preparations
This experiment used five animals (body mass: 0.26–0.38 kg). The
heart was removed and transferred to Ringer’s solution and dissected
to provide an atrial strip and a ventricular strip preparation (e.g. Joyce
et al., 2014). The preparations were tied at each end with surgical silk
before one end was tied to a metal rod that was attached to a force
transducer (Statham UC 2, Oxnard, CA, USA). The other end was
tied to one of two silver electrodes, and each preparation was
immersed in 50 ml of Ringer’s solution contained within a water-
jacketed organ bath. After 15 min, electrical stimulation (Grass SD9
stimulators) commenced at 12 beats min−1 with 5 ms pulses at a
voltage double that required to elicit contraction. After 15 min, the
preparations were stretched with a micrometer screw until the
maximum force of contraction was attained. The preparations were
then allowed 30 min to stabilize.

Each preparation underwent a force–frequency trial from 12 to
60 beats min−1. Each frequency was maintained until contractions
stabilized. Thereafter, a saturating dose of noradrenaline
(10 µmol l−1) was added to the Ringer’s solution and the force–
frequency trial was repeated once force had stabilized (<10 min).
Upon commencing the experiment, the strips were measured and
weighed, allowing cross-sectional area to be estimated assuming a
density of 1.0 mg mm−3. At each frequency in the presence and
absence of noradrenaline, twitch force, time to peak force and time
to 50% relaxation were recorded, allowing the rate of contraction
and rate of 50% relaxation to be calculated.

Statistical analysis
In the in situ perfused heart, the effect of pacing and noradrenaline
on heart rate, preload pressure, stroke volume and cardiac output
were analyzed with a repeated-measures one-way ANOVA. For the
Starling trials, a repeated-measures two-way ANOVA was used to
determine significant effects of pacing or noradrenaline on cardiac
output and stroke volume at different preload pressures. In the
in vitro experiments, the effects of noradrenaline and stimulation
frequency were assessed with a repeated-measures two-way
ANOVA. Differences were considered statistically significant
when P<0.05. Data are presented as means±s.e.m.

RESULTS AND DISCUSSION
To disentangle the interdependent effects of heart rate, contractility
and cardiac filling, we explored cardiac performance in the
anaconda (E. notaeus) using in vitro and in situ perfused cardiac
preparations. We specifically sought to quantify the extent to which
adrenergic stimulation can ameliorate cardiac filling limitations at
elevated heart rates.

Right atrial pacing raised heart rate (Fig. 1A), which decreased
preload pressure (Fig. 1B) and stroke volume (Fig. 1C), resulting in
unchanged cardiac output (Fig. 1D). This frequency-independent
‘autoregulation’ is similar to that of mammals and fish; thus, the
reciprocal relationship between heart rate and stroke volume appears
to be a common feature of the vertebrate heart (Markwalder and
Starling, 1914; Altimiras and Axelsson, 2004). At equivalent
preload pressures in the Starling trials, paced hearts generated
higher cardiac output than control hearts (Fig. 2A), although this
was only statistically resolvable at the higher preload pressures.

The decreased stroke volume during cardiac pacing may be
attributed to reduced time for ventricular filling [decreased end
diastolic volume (EDV)] or compromised contractility [increased
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end systolic volume (ESV)]. Because ventricular twitch force was
unaffected by stimulation frequency in vitro (Fig. 3A), contractility
per se does not appear to be the primary limitation. Instead, the
reduced preload pressure at elevated heart rate suggests that EDV is
diminished. Given this finding, we established the effect of pacing
across a range of preload pressures by constructing Starling curves
at both intrinsic and elevated heart rates (Fig. 2). The paced hearts
generated a higher cardiac output, however stroke volume remained
consistently lower for a given preload pressure, suggesting that the
decreased preload pressure is not solely accountable for the
decreased stroke volume at higher frequencies. The temporal
factor is probably important; at higher heart rates, decreased
diastolic filling time restricts perfusate from entering the ventricle,

regardless of the filling pressure. Further, the atrial contribution to
ventricular filling, which is particularly important in ectotherm
hearts (Johansen and Burggren, 1984; Burggren et al., 2014), may
have been compromised at higher rates because the atrial
preparations exhibited a negative force–frequency effect over
these frequencies (Fig. 3B).

Noradrenaline increased heart rate to 47.4±1.6 beats min−1,
which did not differ statistically from pacing at 0.83 Hz (Fig. 1).
Noradrenaline further decreased preload pressure, but maintained
stroke volume, permitting an increased cardiac output (Fig. 1). In
the Starling trials, noradrenaline vastly increased cardiac output and
stroke volume across all preload pressures (Fig. 2). Atrial and
ventricular preparations increased force in response noradrenaline,
and also the rates of contraction and relaxation were faster across all
frequencies (Fig. 3).

The positive inotropic effect of noradrenaline on ventricular
myocardium suggests that adrenergic stimulation likely decreased
ESV in the working heart. However, the end-systolic reserve may be
somewhat limited as ejection fractions are considered to be high in
ectotherms (Jensen et al., 2016). Noradrenaline may also have aided
cardiac filling by promoting the suctional filling of the ventricle, as
indicated in an early study on excised turtle ventricles (Kraner,
1959), the large fall in preload pressure, and the positive lusitropic
effect we observed in the in vitro studies. The force developed by
atrial preparations at 48 beats min−1 in the presence of noradrenaline
exceeded that at 36 beats min−1 in untreated in vitro preparations,
thus any limitation on atrial filling of the ventricle was also negated
by adrenergic stimulation (Fig. 3).

We adopted an in situ perfused cardiac preparation to specifically
address the inherent capacity of the heart to circumvent
autoregulation of cardiac output during adrenergic stimulation. In
doing so, we neglected vascular regulation. As espoused by Guyton
(1955), cardiac output must equal venous return, thus whilst
sympathetic stimulation increases cardiac output, it must also
promote venous return. Pertinent to our study, whilst noradrenaline
increased cardiac output, it decreased preload pressure. This
contrasts with the in vivo situation, wherein alpha-adrenoceptor-
mediated venoconstriction increases central venous pressure and
promotes filling of the heart in snakes (Skals et al., 2006) and other
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vertebrates (Sandblom et al., 2005). Whilst stroke volume was
maintained by noradrenaline under steady-state conditions, at a
given preload pressure it was increased. Thus, in vivo, the
combination of increased contractility and increased venous return
increases the scope for cardiac output further than either mechanism
alone (Guyton, 1955).
It is noteworthy that in a similar study on perfused crocodile

hearts, adrenaline produced an increase in heart rate that was offset
by decreased stroke volume (Axelsson and Franklin, 1995).
Adrenaline also had little effect on the sensitivity of cardiac
output to preload pressure, suggesting that the crocodile
myocardium has a blunted inotropic response to adrenaline.
Nonetheless, we observed that cardiac output was increased by
pacing if preload pressure was compensated, suggesting that
autoregulation can also be circumvented (to a lesser extent)
irrespective of the contractile state of the heart. Thus, to attain
variable cardiac output, different species may be more dependent on
regulation of venous return than on contractility.
Although stroke volume appears relatively static in vivo, the

altered filling conditions at different heart rates mean that this can

only can achieved with extrinsic regulation. We demonstrate that the
positive inotropic effect of noradrenaline is needed to complement
its positive chronotropic effect to increase cardiac output.
Adrenergic stimulation thus plays a fundamental role in increasing
cardiac contractility, even in circumstances such as exercise, when
frequency modulation of cardiac output appears to predominate.
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