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Effect of Heart Rate Increase on Dorsal Aortic
Flow in the Stage 24 Chick Embryo
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ABSTRACT. We evaluated the effect of increased heart
rate on cardiac output and stroke volume in the stage 24
chick embryo (day 4 of a 21-day incubation). Blood flow
was measured with a 20 MHz pulsed-Doppler flowmeter.
Heart rate was increased by pacing with square wave
stimuli (1 ms duration, <4 mA). The sinus venosus was
paced from bipolar Teflon-coated silver electrodes in eight
embryos and the ventricular apex was paced in three
embryos. The pacing rates were at the intrinsic heart rate
(P:I); 125% of intrinsic heart rate (P:125%I); and 150% of
intrinsic heart rate (P:150%I). Physiologic measurements
during pacing were compared to those obtained at the
control intrinsic rate (I). We also evaluated the velocity
profile of atrioventricular inflow and conotruncal outflow
at intrinsic rate and during sinus venosus and ventricular
pacing. With sinus venosus pacing, mean dorsal aortic
blood flow was similar at control (1.07 % 0.05 mm3/s) and
P:I (1.06 = 0.06 mm?/s) (x £ SEM). However, at P:125%I
and P:150%I, mean dorsal aortic blood flow decreased
significantly (P:125%I, 0.88 * 0.05 mm®/s; P:150%I, 0.67
* 0.07 mm’/s) (p < 0.05). Stroke volume per beat also
decreased with increasing heart rates (I, 0.41 % 0.02 mm>;
P:L, 0.39 £ 0.02 mm® P:125%I, 0.28 * 0.02 mm3
P:150%I, 0.18 % 0.02 mm®) (p < 0.05). With rapid sinus
venosus pacing, the atrioventricular blood flow velocity
profile showed a rate-dependent decrease in passive ven-
tricular filling while active filling remained the same or
increased slightly. Thus, rate-dependent passive ventricu-
lar filling may be one reason for relatively slow heart rates
during early embryonic development. During ventricular
pacing at the intrinsic heart rate, mean dorsal aortic blood
flow decreased to near zero presumably secondary to loss
of normal atrioventricular synchrony. We speculate that
atrial or ventricular tachycardia would be lethal to an
embryo. (Pediatr Res 22: 442-444, 1987)

The heart begins to function early in embryonic development.
In the chick embryo, heart rate is 90 bpm at the onset of blood
flow and gradually increases during development to 210 bpm at
hatching.

The mechanisms that control heart rate in the embryo are not
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well defined. At the early stages, the sinus node and specialized
conduction system are not histologically identifiable nor is the
heart innervated by the autonomic nervous system. Yet, a chick
embryo’s heart rate responds to environmental factors. The heart
rate slows with hypothermia (1) and increases with hyperthermia
(2).

We hypothesized that heart rate and cardiac output are directly
related to the preinnervated embryonic circulation. However, we
found that a paced increase in heart rate decreased cardiac output
and stroke volume by compromising the passive phase of ven-
tricular filling.

METHODS

Fertile white Leghorn chick eggs were incubated to Ham-
burger-Hamilton stage 24 (3). The shell and its membranes were
opened to expose the embryo. Blood flow velocity was measured
with a 20 MHz pulsed-Doppler meter from a 750 piezoelectric
crystal positioned over the dorsal aorta, conotruncus or ventric-
ular apex (4). Mean dorsal aortic blood flow was computed as
the product of mean velocity and aortic area. Heart rate was
measured from five phasic velocity peaks compared to time lines.
Stroke volume per beat was calculated as mean dorsal aortic
blood flow/heart rate. Conotruncal and atrioventricular blood
flow velocities were evaluated qualitatively.

The embryonic heart was paced with square wave stimuli of 1
ms duration at twice diastolic threshold (<4 mA). Bipolar Teflon-
coated silver electrodes (12 u diameter) were positioned on the
right sinus venosus in eight embryos and on the ventricular apex
in three embryos. Pacing the sinus venosus evaluated the effect
of increased heart rate, presumably, without altering the sequence
of cardiac excitation and contraction. Pacing the ventricle eval-
uated the effect of altering the cardiac excitation contraction
sequence and loss of atrioventricular synchrony.

Mean dorsal aortic blood flow was measured sequentially:
prior to pacing (control); pacing at the intrinsic heart rate (P:I),
pacing at 125% of intrinsic heart rate (P:125%]I); pacing at
intrinsic heart rate; pacing at 150% of intrinsic heart rate
(P:150%I); pacing at intrinsic heart rate; after the pacing protocol
was completed (I’). In this way, the effect of pacing alone could
be evaluated as well as the effect of heart rate increase. A complete
study was performed within 2 min.

In separate experiments, pulsed-Doppler patterns of simulta-
neous atrioventricular inflow and conotruncal outflow blood
flow velocities were evaluated at control and while pacing of the
sinus venosus or ventricle.

We were unable to measure dorsal aortic pressure during
pacing because of interference of the stimulus with the servo-
null pressure system.

The results are reported as mean + SEM and were tested for
statistical significance at the p < 0.05 level by analysis of variance
and Tukey’s HSD test.
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RESULTS

Sinus venosus pacing. Details of heart rate, the independent
variable, are listed in Table 1. The intrinsic heart rates before
and after the pacing protocols were similar. The initial paced
rate averaged 6 bpm greater than the intrinsic heart rate. Mean
dorsal aortic blood flow was similar at baseline, with pacing near
the intrinsic rate, and following the pacing protocol (Fig. 1).
Mean dorsal aortic blood flow decreased 14% with pacing at
125% of intrinsic heart rate and 35% with pacing at 150% of
intrinsic heart rate (p < 0.05). Stroke volume per beat decreased
significantly with pacing at both 125 and 150% of intrinsic heart
rate (p < 0.05) (Fig. 2).

Ventricular inflow velocity patterns did not change during
sinus venosus pacing at the intrinsic heart rate. However, at more
rapid pacing rates, the passive filling phase decreased as a con-
sequence of shortened diastolic time (Fig. 3). Atrioventricular
regurgitation was not identified.

Ventricular pacing. Pacing the ventricular apex at the intrinsic
heart rate or faster caused a precipitous decrease in dorsal aortic
blood flow without apparent atrioventricular insufficiency (Fig.
4). We noted an obvious loss of the active phase of filling with
ventricular pacing.

DISCUSSION

The heart is the first functioning organ in the embryo. In the
chick, contractions of the cardiac tube begin at stage 10+ (36 h)
and blood flow commences shortly thereafter at stage 12 (42 h).
Blood is propelled through the heart by rhythmic contraction
and the endocardial and conotruncal cushions act like valves to
prevent retrograde blood flow.

Depolarization of the heart tube begins in the right sinus
venosus and sequentially passes to the atria, ventricle, and con-
otruncus (35). At these stages, there is no recognizable conduction
system and the heart is not innervated. The pacemaker cells
cannot be histologically identified but presumably are the pro-
genitors of the sinus node.

In the chick embryo, the heart rate gradually increases with
development. At the onset of blood circulation, the rate is 90
bpm and increases to 210 bpm just prior to hatching. The reason
for the increase in heart rate during ontogeny is unknown. The
mechanism may relate to cell membrane characteristics that
change during embryonic development (6).

Variation in the heart rate is a mechanism for regulating
cardiac output in the chick as the environmental temperature
affects heart rate and hemodynamic function. Hypothermia de-
creases heart rate, cardiac output, and increases vascular resist-
ance without affecting stroke volume (1). Hyperthermia increases
heart rate, cardiac output, and decreases vascular resistance again
without affecting stroke volume (2). Yet, it is unclear whether
these responses represent an isolated effect of heart rate or a
more integrated response of the cardiovascular system.

Our current study was designed to test the hypothesis that an
isolated increase in heart rate increases cardiac output. Evidence
favoring this hypothesis is drawn from experimental studies in
the fetal lamb. During the later stages of gestation, a spontaneous
increase in heart rate increases cardiac output (7). Stroke volume
and diastolic volume also increase with the increase in heart rate

Table 1. Heart rates during pacing of right sinus venosus (mean

+ SEM, n=28)
Heart rate (bpm)
Prepacing intrinsic 156 + 7
Paced near intrinsic 162 + 6
Paced at 125% of intrinsic 190 + 7
Paced at 150% of intrinsic 2228
Postpacing intrinsic 148 + 6
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Fig. 1. Dorsal aortic blood flow during the sinus venosus pacing
protocol. At intrinsic (1), paced at intrinsic (P:]), and postpacing intrinsic
rates (/”) cardiac outputs were similar. However, dorsal aortic blood flow
decreased with pacing at 125% of intrinsic heart rate (P:125%I) and at
150% of intrinsic heart rate (P:150%I).
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Fig. 2. Stroke volume per beat during the sinus venosus pacing pro-
tocol. Stroke volumes were similar at intrinsic (), paced intrinsic (P:]),
and postpacing intrinsic rates (/’). However, stroke volume decreased
significantly with pacing at 125% of intrinsic heart rate (P./25%I) and
at 150% of intrinsic heart rate (P:150%I).
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Fig. 3. Effect of sinus venosus pacing on phasic conotruncal outflow
(upper panel) and phasic atrioventricular inflow (lower panel) blood
velocity. At the intrinsic rate (/), the low velocity passive filling wave
preceded the active atrial wave. During pacing at the intrinsic rate (P:1),
the passive phase was somewhat shorter but phasic conotruncal velocity
was maintained. During pacing at 125% of the intrinsic rate (P:125%I),
the passive waveform was lost and the phasic conotruncal velocity
decreased. No atrioventricular canal insufficiency was noted (negative
waveform during ventricular systole) in the atrioventricular velocity
profile.
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Fig. 4. Effect of ventricular pacing on conotruncal (upper panel) and
atrioventricular (Jower panel) blood flow velocity. Intrinsic cardiac con-
tractions (/) had the characteristic passive and active atrioventricular
velocity profile. When pacing at the intrinsic rate (P:I) (arrow), the
atrioventricular velocity profiles flattened and the phasic conotruncal
velocity decreased precipitously.

provided that the end-diastolic volume is maintained (8). In the
late gestation fetal lamb, the relationship of heart rate and cardiac
output is similar to the mature animal.

The early chick embryo did not respond like the late gestation
fetal lamb to a spontaneous increase in heart rate. Rather, the
chick embryo behaved more like the fetal lamb paced from the
left atrium (8). We found that as heart rate increased above
intrinsic, there was a marked compromise in cardiac perform-
ance. Measures of cardiac output and stroke volume decreased.
Blood pressure and vascular resistance, may also have changed
but these could not be measured because the pacing stimulus
interfered with the servo-null pressure system.

The mechanism of this response is related at least in part to
the passive phase of ventricular filling. At control rate, the
atrioventricular canal blood velocity pattern in the chick was
similar to the atrioventricular valve blood velocity profile re-
corded in the human fetus (9). With pacing at the intrinsic rate,
the velocity profile showed a slight decrease in the low velocity,
early diastolic signal that we interpreted as the passive phase of
ventricular filling. As the pacing rate increased, the passive filling
phase disappeared and the cardiac output decreased. Sinus ven-
osus pacing may have also interfered with atrial contraction, and
consequently, the active phase of ventricular filling.

Why the embryonic heart is critically dependent on passive
filling is unclear. Optimum ventricular filling may be in part
related to changes in ventricular morphology and consequently
compliance. At stage 24, the ventricular chamber is a trabecular
network rather than a hollow cavity (10). With increasing heart
rate, a decrease in chamber compliance may diminish ventricular
filling. With cardiac pacing near intrinsic rate, active filling is
likely maintained since the high velocity component appears
unchanged.

Pacing the right sinus venosus presumably maintained the
normal sequential pattern of myocardial excitation and contrac-
tion. During sinus venosus pacing near the intrinsic rate, cardiac
output was maintained, stroke volume was normal, and the
relationship of passive and active ventricular phase appeared
similar to control. In addition, we did not find evidence of
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atrioventricular canal regurgitation, as there was no negative
velocity noted on the atrioventricular velocity profiles from a
sample volume that is greater than the canal dimensions.

Pacing the ventricle profoundly decreased antegrade blood
flow from the ventricle to the conotruncus. However, again, we
found no evidence of atrioventricular canal insufficiency. Thus,
the mechanism for the drop in cardiac output was likely a loss
of atrioventricular synchrony that compromised both active and
passive ventricular filling.

The mechanisms that control the embryonic circulation are
becoming more apparent. Isolated increase in heart rate is det-
rimental to the preinnervated embryo compared to the fetus and
mature animal. The chick embryo may function at a heart rate
that is optimum for cardiac output. Alterations in preload,
however, may be more important for the regulation of hemody-
namic function in the embryo. In the stage 24 chick, a 6%
increase in circulating volume produces a 22% increase in stroke
volume (11). Vascular resistance adjusts to cardiac output. With
a decrease in cardiac output, resistance rises presumably to
maintain blood flow to the embryo. With an increase in cardiac
output, vascular resistance declines.

During morphogenesis cardiovascular control mechanisms
emerge and change. In the preinnervated embryo, preload is
likely the primary parameter for regulation of cardiac perform-
ance. With completion of morphogenesis and autonomic inner-
vation, cardiovascular regulation becomes more complicated as
a constellation of control mechanisms (heart rate, reflex-me-
diated changes in vascular resistance, and circulating catechol-
amines) regulate cardiovascular performance. Defining the rela-
tive contributions of these control mechanisms is essential to
understanding normal development and the pathogenesis of
abnormal regulation states such as essential hypertension.
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