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Hemodynamics and Ventricular Function
in a Zebrafish Model of Injury and Repair

Juhyun Lee!®” Hung Cao]"* Bong Jin Kang®* Nelson Jen?” Fei Yu? Chia-An Lee? Peng Fei?
Jinhyoung Park? Shadi Bohlool? Lian Lash-Rosenberg,? K. Kirk Shung? and Tzung K. Hsiai'?

Abstract

Myocardial infarction results in scar tissue and irreversible loss of ventricular function. Unlike humans, zebra-
fish has the capacity to remove scar tissue after injury. To assess ventricular function during repair, we
synchronized microelectrocardiogram (uECG) signals with a high-frequency ultrasound pulsed-wave (PW)
Doppler to interrogate cardiac hemodynamics. uECG signals allowed for identification of PW Doppler signals
for passive (early [E]-wave velocny) and active ventricular filling (atrial [A] -wave Ve1001ty) during diastole.
The A wave (9.0+1.2cm-s ) is greater than the E wave (1.1+£0.4cm-s™ ) resulting in an E/A ratio <1
(0.12+0.05, n=6). In response to cryocauterization to the ventricular epicardium, the E-wave velocity in-
creased, accompanied by a rise in the E/A ratio at 3 days postcryocauterization (dpc) (0.55%+0.13, n=6,
p<0.001 vs. sham). The E waves normalize toward the baseline, along with a reduction in the E/A ratio at 35
dpc (0.36+0.06, n=6, p<0.001 vs. sham) and 65 dpc (0.2%+0.16, n=6, p<0.001 vs. sham). In zebrafish,
E/A <1 at baseline is observed, suggesting the distinct two-chamber system in which the pressure gradient
across the atrioventricular valve is higher compared with the ventriculobulbar valve. The initial rise and sub-

sequent normalization of E/A ratios support recovery in the ventricular diastolic function.

Introduction

ADULT MAMMALIAN VENTRICULAR cardiomyocytes have
a limited ca ac1ty to regenerate from the significant loss
of myocardium.' = Injured human hearts heal by forming scar
tissues, which lack contractile phenotype and constltute a
substrate for arrhythmia and ventricular remodeling.* How-
ever, nonmammalian vertebrates, such as Zebrafish (Danio
rerio), are capable of removing scar tissue during heart re-
generation, thus providing a genetically tractable model in
identification of barriers to sufficient cardiac regeneration in
mammals.”™’

Despite having a two-chambered heart and lacking a pul-
monary vasculature, the zebrafish heart action potential (AP)
shape and electrocardiogram (ECG) patterns are remarkably
similar to those of humans in P waves, QRS complexes, and
T waves.® By using the microelectrodes, we previously
demonstrated the dynamic changes in corrected QT (QTc)
intervals in response to ventricular amputation.'® Despite
histological evidence of gap junctions such as CX43 in the

regenerated cardiomyocytes, ECG repolarization (QTc in-
tervals) remained prolonged when compared to the sham at
60 days,'® implicating the delayed rectifier potassium current
(I)."" Thus, micro-ECG (ECG) offers a noninvasive ap-
proach to assess electrical thythms during cardiac repair.

High-frequency ultrasound has also provided a nonin-
vasive approach to interrogate the intracardiac structures
and hemodynamics in small animals. The high-frequency
ultrasound system capable of 75 MHz B-mode imaging and
45MHz pulsed-wave (PW) Doppler measurements, which
allowed for assessing ventricular filling and diastolic flow
reversal in the zebrafish heart.'* The development of a high-
frame rate duplex ultrasound linear array imaging system has
further allowed for both B-mode imaging and PW Doppler
measurements of the mouse heart.'> Thus, high-frequency
PW Doppler provides opportunity to assess passive filling of
the ventricle (early [E]-wave velocity) and active filling
during atrial systole (atrial [A]-wave velocity).

In this context, we sought to coregister surface yECG with
PW Doppler signals to interrogate the ventricular diastolic

lD1v1s,10n of Cardiology, Department of Medicine, University of California, Los Angeles, Los Angeles, California.
“Department of Bioengineering, University of California, Los Angeles, Los Angeles, California.

Department of Biomedical Engineering, University of Southern California, Los Angeles, California.

“Department of Mechanical Engineering, University of California, Los Angeles, Los Angeles, California.

*These authors contributed equally to this work.

447



448

function during heart regeneration. Cryocauterization to the
apical region of the ventricle was used to simulate epicardial
injury during myocardial infarction.*” Synchronous uECG
with PW Doppler signals allowed for identification of passive
filling (E-wave velocity) and active filling (A-wave velocity)
of the ventricle during diastole. Unlike that of human hearts,
the A-wave is greater than the E wave in zebrafish, and the E/A
ratio is less than 1 at baseline. Previous studies also demon-
strated that the E/A ratio of neonatal mice is less than 1 and
increased to about 4 as they matured.'*'> E/A ratios increased
at 3 days postcryocauterization (dpc) due to an increase in E
waves. The E/A ratios and E waves gradually decreased at 35
and 65 dpc toward the baseline. PR and RR intervals remained
unchanged during cardiac regeneration; however, QTc inter-
vals remained prolonged, reminiscent of ventricular amputa-
tion.'® These findings demonstrate that integrating tECG and
PW Doppler provides a novel strategy to elucidate changes in
cardiac rhythms, hemodynamics, and ventricular function
during cardiac repair. Distinct from humans, the E/A ratio is
< 1 at the baseline level and passive filling (E wave) increased
in response to injury in a two-chamber system, in which
pressure gradient across the atrioventricular (AV) valve is
higher compared with the ventriculobulbar (VB) valve.

Designs and Methods

Zebrafish experiments were performed in compliance with
the Institutional Animal Care and Use Committees (IACUC)
at the University of Southern California (USC) (IACUC with
permit number 11110). Animals were euthanized for signs of
suffering in compliance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.
Adult zebrafish (>1 year old), 3—4cm in length (Tong’s
Tropical Fish and Supplies), were maintained in a recirculating
aquarium system (Aquaneering, Inc.) that provides a physio-
logical environment for zebrafish habitat, including an auto-
matic light cycle, temperature control at 28°C, and pH
monitoring.

uUECG acquisition

Before measurement, an open-chest procedure was per-
formed and the silver lining layer underneath the fish skin
was removed to allow for detection of uECG signals through
the microneedle (AD Instrument). The sedated fish (in 0.04%
Tricaine methane sulfonate—Tricaine) were first placed in a
damp sponge, ventral side up, and then the open-chest sur-
gery was carried out.'”'® For ECG acquisition, the working
electrode was positioned closely above the ventricle and
between the gills, while the corresponding reference elec-
trode was placed close to the tail.

The signals were amplified by 10,000-fold (1700 Differ-
ential Amplifier; A-M Systems, Inc.) and filtered between 0.1
and 500 Hz at a cutoff frequency of 60 Hz (notch). Wavelet
transform and thresholding techniques were used to enhance
signal-to-noise ratios (Matlab; MathWorks, Inc.) for the in-
dividual ECG recording, as previously reported.'®

HECG signals were analyzed for P waves, QRS, QT, and
RR intervals. QT intervals were corrected for heart rate
variability due to the use of a sedative agent (Tricaine) as

_or

QT JRR

(1]
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Alternatively, we established a correlation (R2) between
QT (ms) and RR (s) by recordings of multiple zebrafish, as
reported by Milan and Macrae.'” A linear equation

QT =QTcx vRR interval was established.

PW Doppler acquisition

Blood flow velocities in the zebrafish heart were measured
using a high-frequency ultrasound array imaging system'®
with a 30 MHz 256-element linear array transducer.'® The
sedated zebrafish were placed on a test bed with its ventral
side facing upward. The array transducer mounted on a me-
chanical positioner placed above the ventral side of the zebra-
fish. Under the guidance of B-mode imaging, the Doppler gate
(window) was positioned upstream from the AV valve and
downstream from the VB valve to interrogate both inflow ve-
locities from the atrium and outflow velocities to the aortic
valves (Fig. 1C). The pulse repetition frequency for PW Doppler
was set to be 9.5 kHz and the estimated Doppler angle was 0°,
since the blood flow of the zebrafish cardiac chambers was in
the dorsal-ventral direction. PW Doppler signals for the peak
early diastolic velocity (early passive filling E wave) and the
peak late diastolic velocity (active filling A wave) were recorded
for the control (sham) and the cryocauterization groups for ~3's
and were stored for further offline analysis using Matlab.

The signal processing of the PW Doppler was based on in-
phase and quadrature (IQ) demodulation and complex Fast
Fourier Transform (cFFT).'® The Doppler signals were first IQ
demodulated and then low-pass filtered to remove harmonics
and to reduce noise. A wall filter was also used to remove
clutter signals. Doppler shift frequency was obtained by pro-
cessing the 1Q demodulated Doppler signals using cFFT to
generate the Doppler spectrum. The Doppler shift frequency

was converted to velocity using the following equation®:
Ja
= 2
Y 2f cos 0 ¢ [21

Where f; is the measured Doppler shift frequency, f is the
center frequency of the transducer, c is the sound velocity in
blood (154Om-s_1), and 6 is the angle between the ultra-
sound beam and the direction of the flow.

Simultaneous acquisition of ECG and PW
Doppler signals

To perform ECG and PW Doppler measurements simul-
taneously, the sedated fish was secured on a test bed im-
mersed in diluted tricaine (0.02%) inside a container. The
aquatic environment was necessary to propagate and receive
ultrasound signals at a distance, while the low concentration
of tricaine helped to keep the fish sedated for 10-15min
during the experiment. The ultrasound array transducer was
placed vertically above the ventral side of the fish at a dis-
tance of about 6 mm, while the two ECG electrodes were
introduced laterally. The ECG electrodes were customized to
give free access to the array transducer. The setup is illus-
trated in Figure 1A and B. A trigger signal generated from the
ultrasound system was sent to the ECG recording system, and
thus, we could synchronize the acquisitions. Experiments
were initially performed independently to precisely locate the
array transducer and the ECG electrodes, followed by si-
multaneous measurement.
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FIG. 1. Simultaneous microelectrocardiogram (uECG) and high-frequency pulsed-wave (PW) Doppler. (A) Relationship
of microelectrodes and ultrasound probes. Adult zebrafish was sedated and placed ventral side up on a test bed filled with
0.02% Tricaine. A small opening on the chest was made to reveal the epicardial sac. Ultrasound probe was positioned at
~6mm directly above the heart. The needle electrode for ECG recording was introduced laterally to the chest and the
second needle electrode was positioned to the tail as a reference. (B) The ultrasound system sent a trigger signal to the ECG
recording system when PW Doppler recording started to synchronize both PW Doppler and ECG recordings. (C) The
schematic diagram of the zebrafish heart illustrates ventricular apical cryocauterization by liquid nitrogen. The gray dotted
square indicated the position of the PW Doppler gate window upstream from the atrioventricular (AV) valve and down-
stream from the ventricular outflow track (aortic valve). (D) Synchronized ECG features coregistered with the hemodynamic
events as captured by PW Doppler: P wave in ECG precedes atrial contraction, resulting in A waves in Doppler; and T wave in
ECG preceded ventricular relaxation, resulting in E waves in Doppler. An integration of both modalities revealed ~ 500 ms

delay in electromechanical coupling.

Cryocauterization

Cryocauterization was performed as previously described.’
Cryocauterization-induced damage in zebrafish provides a
pathophysiological model for the study of the mechanisms of
scar removal postmyocardial infarction. Briefly, animals were
anesthetized by immersion into 0.04% Tricaine (sigma) and
immobilized by squeezing them ventral upward into a foam
holder mounted on a Petri dish. A small incision was made
through the body wall to open the pericardial sac. A 0.3 mm
diameter copper filament (Goodfellow) linked to a polyamide
tube (Parker Hanninfin) was cooled in liquid nitrogen and
placed on the ventricular surface until thawing could be ob-
served (a few seconds). Sham operations consisted of touching
the exposed ventricular surface with a copper filament at room
temperature. After the operation, fish were placed in a tank of
fresh water, and reanimation was enhanced by pipetting water
onto the gills for a couple of minutes. Fish were swimming
normally after half an hour.

Ventricular inflow and outflow volumes

The ventricular active filling (A wave), passive filling (E
wave), and outflow volume during a cardiac cycle were

determined by multiplying the cross-sectional area (CSA) of
the AV valve or VB valve by the travel distance of blood in
one heartbeat (dx)

Volume = CSA X dx [3]

We assumed that CSA of two cardiac valves is circular.
Since the B-mode ultrasound imaging technique could not
provide a high enough resolution to clearly measure the di-
ameter across zebrafish heart valves, valve diameters were
extracted from scanning electron microscope images of adult
zebrafish hearts, assuming that all of the samples have similar
valve diameters.>! The mean AV valve and VB valve di-
ameters were 95.94 um and 122.68 um, respectively.

CSA Dvalve g
=TT —
2

The Doppler velocity provided the red blood cell (RBC)
displacement per unit time and integrating the velocities as a
function of time yielded the RBC displacement.

dx= / tv(t)dt
0

(4]

(5]
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Transvalvular gradients

Based on the Doppler shift, blood flow velocities, namely,
peak inflow and outflow velocities, can be converted to
pressure §radients (mmHg) (AP) according to the Bernoulli
equation.”> Assuming that flow acceleration and viscous
terms are negligible, the pressure drop across a fixed orifice
can be calculated with the simplified Bernoulli equation:

AP = %p(v% — v%) =4y? [6]

Where p denotes mass density of the blood, v, denotes the
upstream velocity, and v the downstream velocity across the
valve. Furthermore, v, is much lower than the peak flow
velocity v,. The pressure gradient can be expressed as 4v>.%
We applied Equation (6) to compare pressure gradients
across AV and VB valves at baseline, 3, 35, and 65 dpc, in
both sham and cryocauterization groups.

Statistical analysis

All values are expressed as mean=®SD. For statistical
comparisons, we performed a two-way analysis of variance
(ANOVA) followed with Tukey’s method for post hoc
analysis. p-Values<0.05 were considered statistically
significant.

Results
Synchronized surface ECG with PW Doppler signals

Synchronizing tECG with PW Doppler confirmed the A
wave in response to atrial contraction (P wave) as indicated
by the red dotted line and the E wave in response to passive
ventricular filling by the dotted yellow line (Fig. 2). PW
Doppler signals for ventricular outflow were also detected,
following the QRS complex. Thus, synchronized uECG sig-
nals validated the hemodynamic events as demonstrated by
PW Doppler: the P wave (atrial contraction) corresponded to
the A wave; the T wave followed ventricular relaxation
corresponded to the E wave; and QT intervals corresponded

0dpc

Velocity (em/s)
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to ventricular outflow. A delay in electrical and mechanical
coupling was observed at ~500ms (Fig. 1D).

Intracardiac hemodynamics: implication of E/A ratios
for diastolic function

In humans, the E-to-A ratio (E/A) is >1 for the normal
ventricular diastolic function.>® In adult zebrafish, A-wave
velocity is greater compared with the E wave (Fig. 3A, B),
and the E/A ratio is <1, suggesting a distinct cardiac phys-
iology in the two-chamber system.>* In response to apical
injury, the E/A ratios increased due to an increase in the E
wave at 3 dpc, while they remained unchanged in sham fish
(Fig. 3A, C). Starting at 35 dpc, E/A ratios gradually nor-
malized to the baseline levels.

Both active and passive filling volume and ventricular
outflow track volume were derived by integrating E wave, A
wave, and outflow track velocities over time, respectively
(Fig. 4A—C). The ultrasound transducer was positioned to the
apical region of the ventricle, and PW Doppler measured
upstream from the AV valve and downstream from the VB
valve (Fig. 1C). While both E and A waves exhibited positive
deflection, the outflow track exhibited the negative deflec-
tion. As indicated in Equation [2], the conversion of Doppler
frequency shifts to velocity is dependent on the angle of the
ultrasound beam to the direction of blood flow. As the angles
of inflow versus outflow profiles varied in the individual
zebrafish hearts, the velocities might be underestimated.
Thus, the summation of active and passive filling volumes
(inflow) was greater than the outflow track volume (Fig. 4D).
For example, the difference between inflow and outflow at 35
dpc was 5.3+ 1.5 nL in the cryocauterization group and
11.2+20 nL in the sham group. Nevertheless, the E/A ratios
were not influenced by the angle of ultrasonic transducer and
remained a reliable hemodynamic parameter for ventricular
diastolic function.

We further compared pressure gradients across the AV
during ventricular diastole and VB valves during ventricular
systole (Fig. 5). The pressure gradient across the AV valve
increased at 3 dpc and dropped over the course of regeneration,

35dpc 65 dpc

Voltage (V)
-
Dog®
-

-D.SD

0.5 1 15 2 25 3 o 0.5 1 1.5 2 25 3
Time (s} Time (s}

0.5 1 15 2 FA] . 0.5 1 1.5 2 2.5 3
Time (s} Time (s)

FIG. 2. Representative coregistration of PW Doppler signals with ECG signals from 0 days postcryocauterization (dpc) to
3 dpc, 35 dpc, and 65 dpc. The baseline Doppler and ECG signals were established on 0 dpc. E-wave velocity increased at 3
dpc and gradually decreased toward the baseline. In parallel, corrected QT (QTc) intervals prolonged at 3 dpc and gradually

regressed to baseline levels.
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FIG. 3. Cryocauterization induced changes in mitral in-
flow velocities. (A) Cryocauterization of the zebrafish ven-
tricle significantly increased E-wave velocities at 3 dpc,
which regressed toward the baseline levels at 35 dpc
(*p<0.001, n=06) in comparison with the sham. (B) A-wave
velocities decreased at 35 and 65 dpc in comparison with the
sham (*p<0.01, n=6). (C) Cryocauterization of the zeb-
rafish ventricle significantly increased E/A ratios at 3 and 35
dpc (¥*p<0.001, n=6), which regressed to the baseline
levels at 65 dpc. In humans, the E/A ratio is clinically as-
sessed for ventricular compliance and it is >1 for the nor-
mal ventricular diastolic function. In zebrafish, the E/A ratio
is <1 at baseline. The increase in the E/A ratio at 3 dpc was
in parallel with the reported scarring or fibrosis, which re-
gressed in parallel with the rapid scar regression.

whereas the pressure gradient across VB valves dropped at
3 dpc and recovered at 65 dpc. Unlike humans, the range
of pressure gradients across the inflow track or AV valves
(AP=1.5-3.3mmHg) is significantly higher compared with
the outflow track or VB valves (AP=0.3-0.9 mmHg) in the
two-chamber system. The magnitude of pressure gradients
across AV by our PW Doppler was comparable to the previ-
ously reported values by a servonull pressure system.>' Thus,
the differential pressure gradients between inflow and outflow
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FIG. 4. Cryocauterization injury induced changes in
ventricular inflow and outflow volume. (A) Active filling
volume (A wave) remained unchanged in comparison with
the sham. (B) Passive ventricular filling volume (E wave)
was increased and remained above the baseline (¥p<0.01,
n=06). (C) Ventricular outflow volume was also increased
above the baseline as compared to sham fish (*p<0.001,
n=6) (**p<0.01, n=6). (D) When comparing the mitral
inflow (sum of passive and active ventricular filling volume)
with ventricular outflow volume, the inflow volume was
measured to be larger compared with the outflow for both
sham and cryoinjury. This difference was due to the angle of
ultrasound beam to the direction of inflow and outflow (refer
to Fig. 20).
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FIG. 5. Pressure gradients across AV and ventriculo-bul-
bar (VB) valves. (A) AP across AV valves derived from the
peak velocity (A wave) increased in response to injury at 3
dpc and decreased at 35 and 65 dpc (*p<0.01, n=6). (B)
AP across VB valves dropped at 3 dpc and recovered at 65
dpc (*p<0.001, n=6).

tracks further supported the distinct two-chamber physiology
in association with E/A ratios < 1.

Cardiac rhythms in response to cryocauterization

Cryocauterization induced epicardial injury, simulating
myocardial infarction.®” While PR and RR intervals remained
unchanged, the QTc intervals remained prolonged at 65 dpc.
Analogous to ventricular amputation,'® cryocauterization al-
tered electrical repolarization phase of AP. Thus, synchro-
nizing P waves and QT intervals with A and E waves offered a
real-time and noninvasive approach to couple hemodynamics
with electromechanical coupling during cardiac repair (Fig. 6).

Discussion

The novelty of our study is to elucidate hemodynamics and
ventricular function in a zebrafish model of heart regenera-
tion. Coregistration of P and T waves in uECG validated the
direction and magnitude of velocity profiles across the AV
valves in PW Doppler, as expressed by E/A ratios for ven-
tricular diastolic function. Unlike humans, the E/A ratio is
<1 in zebrafish at baseline, reflecting a higher active filling
(A-wave) than passive filling (E-wave) velocities during di-
astole in the two-chamber heart system. The dynamic chan-
ges in E/A ratios in response to injury implicated restoration
of the diastolic function.

When measuring E and A waves, the ultrasound trans-
ducer was placed in parallel to the AV valve. Given the
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FIG. 6. Cryocauterization induced electrophysiological
changes. (A) PR intervals and (B) RR intervals remained
unchanged between the cryoinjury and sham groups. (C)
The QTc intervals were prolonged in response to cryoinjury
and did not recover (¥*p<0.001, n=6), reminiscent of the
same observations with ventricular amputation.

proximity and orientation of the VB valve to the AV valve,
the transducer and VB valve formed a greater angle of in-
sonation, leading to an underestimation of velocities across
the VB valve. The slight variation in the transducer inter-
rogation angle between the AV valve and VB valve led to
the expected underestimation of ventricular outflow track
volume, namely, the inflow volume (E wave+A wave)
appeared to be greater compared with the outflow volume
(Fig. 4D). However, E/A ratios were captured from the
identical ultrasound angle of insonation and were not sub-
jected to underestimation. For this reason, the E/A ratio
represents a reliable strategy to assess ventricular compli-
ance or diastolic function.

The pressure gradients across AV valves (inflow) and VB
valves (outflow) during cardiac regeneration elucidated the
distinct physiology in a two-chamber system (Fig. 5). The
dynamics in the pressure gradient across the AV valve were
consistent with the changes in A-wave velocities (Fig. 3B).



VENTRICULAR FUNCTION AFTER INJURY AND REPAIR

Unlike humans, the mean outflow track gradient (mmHg)
was significantly less than the inflow gradient in parallel with
the E/A ratio <1 in zebrafish. The magnitude of pressure
gradients (AP=1.5-3.3 mmHg) across AV by our noninva-
sive PW Doppler was in close agreement with the previously
reported values by an invasive servonull pressure system
(peak ventricular pressure=2.5 mmHg and atrial pressure =
0.7 mmHg).*!

While zebrafish has been a well-recognized vertebrate
model for regenerative medicine,” its small size and aquatic
nature poses a bioengineering challenge to interrogate car-
diac hemodynamics. Our PW Doppler approach revealed
that atrial contraction (A wave) generated high ventricular
filling pressures to the densely trabeculated ventricle in
adult zebrafish.?* In humans, myocardial infarction results
in acute loss of large numbers of cardiomyocytes from ne-
crosis.?® The necrotic myocardium promotes recruitment of
leukocyte infiltration, resulting in the clearing of dead cells
from the infarct zone and replacement of the damaged tissue
with collage scar.® Heart remodeling ensures, leading to
changes in ventricular architecture and geometry, and
consequently, irreversible heart failure.?> Unlike humans,
resection of <20% zebrafish ventricle triggers regeneration
of the myocardium and endocardial tissues at 60 days
postinjury,’ resulting in a functional heart.® The increase in
the E wave or E/A ratios at 3 dpc and subsequent normali-
zation to the baseline levels at 65 dpc seemed to be in par-
allel with scar regression.®’

Two studies have made Doppler ultrasound observations
in mouse embryos. Using a closed-abdominal approach
(20 MHz transducer), Gui et al. measured aortic flow veloc-
ities in mouse embryos from days 10 to 19." Using an open-
abdominal approach, Keller et al. monitored both dimensions
and flow in 10.5-14.5-day embryos. Embryonic C57BL/6J
mice have E/A ratios of 0.4 and 0.43 at 15 and 19 days
postcoitum, respectively.?’ Zhou ez al. also reported that
neonatal mice also have E/A < 1. The dense trabecular net-
work in both adult zebrafish and neonatal hearts may be
implicated in the E/A ratios <1. However, the E/A ratios
increase as the neonates mature.'*

Myocardial injury triggers the reactivation of epicardial
marker gentss.28 In the case of zebrafish, this reactivation also
occurs as a response to changes in pericardial fluid osmo-
lality.”® The epicardial reporter zebrafish line was used to
recapitulate the expression of an endogenous epicardial
marker gene in the cauterized hearts.® At early time points
after injury, the epicardium exhibits a systemic response to
injury for greater than 3 months.® An upregulation of epi-
cardial genes and a massive epicardial proliferation might
indicate a need to cover the damaged area.® In response to
cryocauterization, massive expansion of the epicardial layer
increased proliferation from the usual single-cell layer to a
multilayer of epicardial sheets.® The regenerated area bal-
looned outward, engendering a rounder morphology (Sup-
plementary Fig. S1; Supplementary Data are available online
at www.liebertpub.com/zeb). These shape differences im-
plicated an association with the altered ventricular diastolic
function as observed by the dynamic changes in E/A ratios.
However, the precise mechanisms underlying rapid scar
regression and normalization of E/A ratios remain to be
investigated.
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Assessing the T wave in uECG was challenging due to
mechanical interference from low-frequency components. In
UECG signals, T waves remain in the low-frequency range
and are usually indistinguishable with the mechanical noises
from cardiac contraction and gill respiration. The coregis-
tration of yECG with PW Doppler signals enables unequiv-
ocal identification of E and A wave signals during cardiac
regenerating.”'%'%3 In the current study, we have applied a
high-frequency ultrasound array imaging system with the use
of PW Doppler, high-frequency ultrasonic array transducers
(>30MHz)."®* Thus, electrical and mechanical coupling
can be noninvasively interrogated in real time by tECG and
E/A ratios.'*'%1¢

The limitation of our current study lies in the sample size.
Some animals failed to survive during the course of repeated
sedation and ECG-gated PW Doppler interrogation. Further-
more, the degrees and types of ventricular injury have an im-
pact on the relative recovery time and mortality. To minimize
animal stress, we have developed the wearable and wireless
microelectrode membranes for long-term monitoring of heart
injury and regeneration.>’ To reproduce the precise injury
sites, we have used a micromanipulator to stabilize the 0.3 mm
cupper filament for precise cryocauterization.

Overall, synchronizing tECG with PW Doppler signals is
synergistic to study zebrafish hemodynamics and ventricular
function. The presence of T wave and P were coregistered
with the PW Doppler E and A waves to assess the inflow
profiles from the atrium to ventricle. In zebrafish, E/A <1 at
baseline is observed, suggesting a distinct physiology in the
two-chamber system, in which atrial systole generates high
ventricular filling pressure in the setting of a highly trabe-
culated ventricle. Our integrated approach opens a new av-
enue to monitor hemodynamics and ventricular function with
translational implication to assess small animal models of
arrhythmias and cardiomyopathy.
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