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different tudor domains (Fig. 4B), perhaps re-
flecting the structural flexibility needed for ac-
commodating different binding partners.
Because of the involvement in transcription
regulation, it is tempting to speculate that the
double tudor domain is responsible for directing
JMID2A to chromatin regions enriched with
H3-K4 or H4-K20 methylation. However, al-
ternative scenarios are also possible, and the
functional relation between methyl-histone
binding by the double tudor domain and histone
demethylation by JMJD2A in a physiological
context remains to be established. Nevertheless,
our results demonstrate that the hybrid-tudor
domain structure of JIMID2A is required for the
formation of a functional methyl-histone H3
binding module. The unusual fold requires two
tudor domain motifs in tandem, which is only
present in a subset of tudor domain—containing
proteins including JMJD2 family members and
53BP1. It will be extremely interesting to un-
derstand the principle underlying the distinct
folding of the double tudor domains of IMJD2A
and 53BP1 despite their sequence similarity.

Many chromatin-associated proteins have closely
spaced tandem repeats of effector domains im-
plicated in histone binding, including the bromo,
chromo, MBT, Agenet, and tudor domains. Our
discovery reveals the potential for forming novel
histone binding modules from the familiar ef-
fector domains.
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The Embryonic Vertebrate Heart Tube
Is a Dynamic Suction Pump
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The embryonic vertebrate heart begins pumping blood long before the development of discernable
chambers and valves. At these early stages, the heart tube has been described as a peristaltic
pump. Recent advances in confocal laser scanning microscopy and four-dimensional visualization
have warranted another look at early cardiac structure and function. We examined the movement
of cells in the embryonic zebrafish heart tube and the flow of blood through the heart and obtained
results that contradict peristalsis as a pumping mechanism in the embryonic heart. We propose

a more likely explanation of early cardiac dynamics in which the pumping action results from
suction due to elastic wave propagation in the heart tube.

tional organ system to develop in verte-

brate embryos. In its earliest stages, it
consists of a primitive heart tube that drives
blood through a simple vascular network. Car-
diac physiologists have long conjectured that the
valveless embryonic heart tube drives circula-
tion by means of peristaltic contractions (7, 2), a
pumping mechanism that pushes blood through
the heart tube by progressively reducing the
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tube volume (3). Confirmation of this pumping
mechanism requires in vivo visualization and
quantification of both heart wall motion and
blood cell motion, which are difficult with tra-
ditional imaging modalities. The zebrafish offers
a powerful vertebrate model for cardiogenetic
studies (4-7) with multiple advantages for in
vivo imaging: Eggs are externally fertilized;
embryos are nearly transparent, providing optical
access to the earliest stages of cardiogenesis; and
many GFP (green fluorescent protein)-labeled
transgenic strains have been derived.

Recent improvements in confocal microsco-
py and four-dimensional (three spatial dimen-
sions plus time) reconstruction protocols (&)
permit us to take full advantage of these
qualities and revisit the pumping mechanism
of the early embryonic heart tube. We tested
three implications of peristaltic pumping in the
heart, namely that (i) there should be a uni-

directional wave traveling along the endocardial
layer, (i) blood cell velocities should be bounded
in magnitude by the instantaneous traveling
wave speed through the heart tube wall, and (iii)
cardiac output should increase linearly with
heart rate.

To test the nature of cardiac pumping, we
used in vivo high-speed confocal imaging of
zebrafish hearts before valve formation. Optical
sections through 26-hours postfertilization (hpf)
Tg(gatal:GFP) zebrafish hearts expressing
GFP in blood cells, endocardium, and myocar-
dium were reconstructed into four-dimensional
data sets (8) (Fig. 1A and movie S1), which pro-
vided direct three-dimensional data on the
position of myocardial and endocardial cells
throughout the cardiac cycle (Figs. 1B and 2 and
movies S1 to S3). By tracking the position of
the trailing edge of the endocardial wave crest
during the cardiac cycle, we identified the
speed and the direction of the traveling wave
through the heart wall. The wave originates in
myocardial cells positioned near the inflow
tract of the heart tube (Fig. 2), and upon con-
traction a bidirectional wave propagates axially
along the heart tube wall (Fig. 1 and movies S1
and S2). The proximity of the pacemaker cells
to the venous boundary of the heart tube, along
with the speed of the traveling wave, combine
to make this bidirectional wave undetectable
through traditional imaging modalities.

In a peristaltic heart tube model, the net
flow is exactly equal to the volume displaced
during contractions. This dynamic imposes a
direct relationship between the upstream blood
velocity and the local traveling wave velocity.
Specifically, because peristalsis is governed by
static pressure rather than dynamic pressure (3),

www.sciencemag.org SCIENCE VOL 312 5 MAY 2006

751

Downloaded from www.sciencemag.org on May 12, 2009


http://www.sciencemag.org

REPORTS

752

265 ms

531 ms

B
f
ot 0 ms— oms---
79 ms —
N
ift i
Contraction *

128 ms- - -

N\ 206 ms-——--
\ ")265 ms—

Reflection w3,
at ift

Bidirectional
wave

Reflect!o 531 ms- - -

\l 265ms--- |atoft 570 Ms -

Suction', ‘, 531 ms — 600 ms —
bolus &

Reflected
wave and suction

duration: 590 ms

Fig. 1. Biomechanics of embryonic heart tube contractions contradicts peristalsis
as the main pumping mechanism. (A) Three-dimensional reconstructions of a 26-
hpf Tg(gatal:GFP) zebrafish heart tube at six time points. Yellow lines denote the
shape of the endocardial layer. (B) Superimposed outlines of different time

it would imply that the upstream blood velocity
in the zebrafish heart does not exceed the simul-
taneous local traveling wave velocity. However,
in each of the cases observed (n = 5), the
maximum velocity of the upstream blood ac-
celerated to velocities exceeding the wall wave
speed (Fig. 3, A to C).

To investigate how the cardiac output varied
with the contractile wave frequency in vivo, we
altered temperature to manipulate heart rates
and tracked blood cells to determine flow rates.
In this temperature range (24°C to 34°C), fish
develop normally, and we do not expect a
nonlinear change in blood viscosity. If the heart
tube were a peristaltic pump, the cardiac output
should increase linearly with the contractile
wave frequency. However, we found that the
blood velocity response, and thus the net flow
rate response, to a monotonic heart rate change
is nonlinear (Fig. 3D).

These three observations indicate that the
embryonic heart tube does not act as a peristaltic
pump; instead, they seem consistent with a pre-
viously investigated hydro-impedance pump
model (9). In this model of valveless pumping,
the pumping action results from elastic wave
propagation and reflection in the heart tube;
resonance conditions arise at certain frequen-
cies where the phase speed permits constructive
interference between the incident and reflected
pressure waves. Mechanical properties of the
system such as diameter, length, elasticity, and
pressure dictate wave speed as well as attenu-
ation and reflection coefficients in the system.
The impedance pump model exhibits a sensi-
tivity of the generated flow to the activation
frequency that is similar in many ways to our in
vivo observations (Fig. 3D), including nonlinear
flow with frequency, domains of negative slope,
and resonance frequencies that allow higher flow
rates than peristalsis.

The impedance pump model requires mis-
matches in impedance to induce wave reflec-

Fig. 2. Heart tube contractions convey
active and passive regions. (A) Three-
dimensional reconstruction of a 26-hpf
Tg(cmlc2:GFP) embryo. Myocytes are
fluorescently labeled, and their three-
dimensional trajectories during two com-
plete cardiac cycles are shown. The red
double-arrow line indicates the active
pacemaker region and the double-arrow
white line, the passive region. The orthog-
onal scale bar triplet indicates 20 um in
each direction. (B) The active pacemaker
region spans the first 20 um of the heart
tube. It was identified by calculating the
time difference between the moment
myocardial cells at a given position along
the tube experience a 10 to 13% strain
rate with neighboring cells and the time
at which they each reach 90% of their
maximal displacement. When this time
difference is nearly zero, the region ex-
periences active contraction.
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tions at the boundaries of the pump element
and to build up suction and induce net flow (9).
In zebrafish, many mechanical properties of the
heart tube boundaries contribute to mismatched
impedance. The most prominent feature at the
inflow boundary of the heart tube is a drastic
change in diameter (Fig. 4, A and B). The heart
tube stems from the surface of the spherical
yolk sac, acutely narrows to about 30 um, and
becomes lined by an additional layer of cells
(myocardium) and cardiac jelly that alters the
elasticity of the heart tube at the inflow bound-
ary (Fig. 4, A and B). Our four-dimensional
data confirmed that this region of mismatch
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impedance is indeed a site of wave reflections.
Pacemaker cell contractions initiate axial waves
that travel along the heart tube until they reach
the heart tube boundaries. When these waves
reach the inflow and outflow boundaries, they
reflect in the form of sudden expansions and
begin to travel back through the heart tube
(movies S1 and S2).

The sudden expansions of the cardiac lumen
at the reflection sites create low-pressure zones
and suck blood through the heart tube (movie
S1). In order to describe this suction mecha-
nism in vivo, we looked at the pressure-flow
relationship through the heart tube during the
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Fig. 3. Blood cell motions demonstrate
nonperistaltic pumping mechanism in the
embryonic heart tube. (A and B) Re-
construction of a 26-hpf Tg(gatal::GFP)
embryo. The endocardial layer, along with
a blood cell, have been marked in yellow
in each image. (C) Superposition of
schematics in (A) and (B). Blood cell dis-
placement is much greater than traveling
wave crest displacement, indicating that
blood cells do not passively follow the
traveling wave. Scale bar indicates 20
um. (D) Nonlinear frequency-flow rela-
tionship for 26-hpf zebrafish heart tube
(Materials and Methods). Resonance
peaks in the observed average blood
velocity at 1.75 and 2.3 Hz exceed the
expected estimate for peristaltic pumping
(dashed line).

Average blood O
velocity (mm/s)

Fig. 4. Hydroelastic-
based suction mecha-
nism in the embryonic
heart tube. (A) Inflow
region of a 26-hpf em-
bryo. The distance be-
tween the myocardial
(m) and endocardial (e)
layers is marked (short
diagonal white bars). (B)
Upon contraction, this
distance increases. The
expansion of the cardiac
jelly (cj) at the site of
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during contraction. Scale bars, 50 pm. (C) Blood cell accelerations and estimated pressure gradient as a
function of time (Materials and Methods). The maximum acceleration occurs when the pressure gradient is
negative, indicating that the embryonic heart tube acts as a suction pump.

cardiac cycle. By measuring the radius of the
cardiac lumen at two cross sections a short
distance apart, we deduced the pressure gradi-
ent at a point (/0) (Fig. 4C and movie S4). In
this region, blood cells first begin to accelerate
when the pressure gradient is negative, analo-
gous to drinking liquid through a straw. Blood
cells continue to accelerate, reaching a maxi-
mum as the pressure gradient climbs from neg-
ative values toward zero. As the pressure
gradient continues to increase from zero to
positive values, blood cells continue to move
forward but with decreasing accelerations.
Lastly, when the pressure gradient reaches a
maximum and begins to decrease, blood cells

decelerate until they finally reach a resting
point. Importantly, a phase difference between
the maximum acceleration and the maximum
pressure gradient exists. Specifically, blood
reaches a maximum acceleration a short time
after there is a local minimum in the pressure
gradient. This time lag between suction pres-
sure and flow in the embryonic heart resembles
the pressure-flow relationship of a fluid dynam-
ic pump (3) rather than a peristaltic mechanism,
where such a time lag should not exist.

By using new in vivo imaging tools, we
have taken a closer look at early cardiac struc-
ture and function and identified three biome-
chanical properties of embryonic heart tube

REPORTS

contractions that contradict cardiac peristalsis:
(1) a bidirectional, as opposed to unidirectional,
wave traverses the endocardial layer, (ii) blood
cell trajectories do not follow local endocardial
wave trajectories and exhibit velocities greater
than those of the traveling wave, and (iii) the
frequency-flow relationship is nonlinear and
exceeds the maximum flow rate possible for a
peristaltic pump. Furthermore, we observed (i)
resonance peaks in the frequency-flow rela-
tionship; (ii) mismatched impedance at inflow
and outflow tracts and visible wave reflections
at the heart tube boundaries; and (iii) a
pressure-flow relationship that exhibits a phase
difference between the maximum acceleration
of blood and the maximum local pressure
gradient. Thus, the valveless embryonic heart
does not drive circulation through peristalsis.
Instead, these observations suggest a hydro-
elastic impedance pump model based on elastic
wave propagation and reflection (9). The
simple mechanism we propose requires only a
single actuation site rather than complete
synchrony throughout the heart tube. The
frequency-dependent sensitivity of this pumping
mechanism itself suggests that such valve-
less pumping may not be suitable for post-
embryonic circulation in ectotherms. The
presented characterization of early cardiac bio-
mechanics should provide the foundation to
revisit many aspects of embryonic cardio-
genesis and provides evidence for an embry-
onic root to the observed suction action of the
adult heart (/7).
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