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Abstract

The zebrafish (Danio rerio) is an emerging genetic model for regenerative medicine. In humans,
myocardial infarction results in the irreversible loss of cardiomyocytes. However, zebrafish hearts
fully regenerate after a 20% ventricular resection, without either scarring or arrhythmias. To study
this cardiac regeneration, we developed implantable flexible multi-microelectrode membrane
arrays that measure the epicardial electrocardiogram signals of zebrafish in real-time. The
microelectrode electrical signals allowed for a high level of both temporal and spatial resolution
(~20 um), and the signal to noise ratio of the epicardial ECG was comparable to that of surface
electrode ECG (7.1 dB vs. 7.4 dB, respectively). Processing and analysis of the signals from the
microelectrode array demonstrated distinct ECG signals: namely, atrial conduction (P waves),
ventricular contraction (QRS), and ventricular repolarization (QT interval). The electrical signals
were in synchrony with optically measured Calcium concentration gradients in terms of d[Ca2*]/dt
at both whole heart and tissue levels. These microelectrodes therefore provide a real-time
analytical tool for monitoring conduction phenotypes of small vertebral animals with a high
temporal and spatial resolution.
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1 Introduction

2 Methods

2.1 Animals

Real-time monitoring of heart regeneration in a vertebrate model system is highly relevant to
tissue engineering and stem cell therapy. Myocardial infarction results in irreversible loss of
cardiac tissue (Reeve et al. 2005). Injured human hearts heal by scarring, which leads to
remodeling, arrhythmia, and heart failure (Hahn and Schwartz 2008). In contrast, Zebrafish
(Danio rerio) fully regenerate their myocardium after 20% ventricular amputation (Poss et
al. 2002; Raya et al. 2004), thus providing a genetically tractable model system for high-
throughput research, including antiarrhythmic (Zon and Peterson 2005) and psychoactive
drug discoveries (Rihel et al. 2010; Mitcheson et al. 2000), as well as human inherited
cardiac arrhythmias, blood, and sleep disorders (Stoletov et al. 2009; Yokogawa et al. 2007).

Zebrafish hearts harbor remarkably similar cardiac electrical properties as those of humans
(Sedmera et al. 2003). In addition to their similar surface electrical cardiograms (ECG) (Fig.
7(a)) (Milan and MacRae 2005), the critical pathways in cardiovascular development
parallel to higher vertebrates (Stainier 2001). Histological studies show that the ventricle of
adult zebrafish hearts is composed of trabecular myocardium and compact myocardium,
surrounded by epicardium and endocardium. More importantly, genes involved in zebrafish
heart development are highly conserved with higher vertebrates. In terms of size, the
average length of an adult fish is at 2 to 4 cm. The mean heart rate is at 151+30 beats/min,
and the pericardial sac is encased in the thoracic cavity below the pectoral fin at 1 mm
beneath the skin. While the small size is conducive to high-throughput research, the small
heart size (1-2 mm in length) renders it challenging to perform functional physiological
analyses. In this context, the advent of flexible micro-electronics allows for interrogation of
small animal systems in real-time.

Here, we demonstrated electrical and optical coupling of cardiac conduction in zebrafish
hearts via flexible microelectrodes with high spatial resolution otherwise difficult with the
existing external needle electrodes (Forouhar et al. 2004; Milan and MacRae 2005; Sun et
al. 2009). We implanted one counter and three detecting microelectrodes to the chest cavity
of adult zebrafish and the reference electrodes to the tails. Application of signal processing
and wavelet transform revealed three distinct epicardial ECG recordings at 10 pm apart. In
corollary, we demonstrated that intracellular Calcium transients (Ca2*) in the single cell and
tissue levels were in synchrony with the epicardial ECG recordings. Thus, interfacing
flexible microelectrodes provides enhanced spatial resolution at ~5 um for real-time
longitudinal monitoring of electrical signals from the non-planar and dynamic cardiac
surface.

The animal experiments were performed in compliance with the protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Southern
California. Adult zebrafish, 3-5 cm in length, were acquired from Tong’s Tropical Fish and
Supplies (CA) and maintained under standard laboratory conditions at 24°C. The individual
fish were fed daily with brime shrimp (hatched from eggs in 10 ml in 2 L salt water), and
were kept in constantly circulating water.
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2.2 Microfabrication of flexible electrode arrays

Approximately 10 um of parylene C was deposited on a silicon wafer with a photoresist
sacrificial layer to the underside (Fig. 1). A second layer of photoresist was deposited,
followed by selective exposure and development to a diamond-shape pattern. Next, a gold
layer was deposited via Physical VVapor Deposition (PVD) via a titanium adhesion layer.
Gold metal liftoff process was used to define pitches with a thickness from 200 nm to 300
nm. A final parylene coating at approximately 2 um in thickness formed the top insulation
layer. The electrodes and connection pads were exposed and the overall geometry of the
array was defined by oxygen plasma reactive-ion etching via a thick photoresist etch mask.
Finally, the arrays were peeled from the wafer in a water bath or released through removal
of the sacrificial photoresist in acetone (Fig. 2(a)).

2.3 Microelectrode array implantation

The fish were sedated using tricaine methanesulfonate (MS-222), and placed in a damp
sponge to expose the ventral side for visualization under the microscope as previously
described (Sun et al. 2009; Yu et al. 2010). Two parallel incisions of approximately 1.5 mm
in length and 1.5 mm apart were performed on the chest (Fig. 2(b)), and two triangular
structures of the chest stripe were inserted into the incision sites for direct microelectrode
contact with the epicardium. The tail stripe was placed on the abdominal region with the
reference electrode in contact with the abdominal skin. Both parylene-coated stripes were
sutured to the fish body.

2.4 Data processing of epicardial ECG sighals

The ECG measurements were performed using a modified technique (Sun et al. 2009). The
entire recording processes were performed in a Faraday cage to shield interference from
electromagnetic radiation. The ECG signals were amplified by 10,000-fold (A-M Systems
Inc. 1700 Differential Amplifier, Carlsborg, WA), and were filtered at a cutoff frequency of
60 Hz (notch) between 0.1 and 500 Hz. The signals were acquired and digitized at a
sampling rate of 1,000 Hz (National Instruments USB-6216 DAQ device, Austin TX, and
LabVIEW 8.2). Wavelet transform and thresholding analysis were applied to enhance
signal-to-noise ratios (Matlab 2007a software, MathWorks, Inc.) for the individual ECG
signals recording as previously reported (Sun et al. 2009).

Wavelet transform was performed to filter various sources of noise. Awavelet was a
mathematical function used to divide a given function or continuous-time signal into
different frequency components. The individual components were investigated with a
resolution corresponding to their scales. Wavelet transform represented a function by scaled
wavelets in time domain (Szilagyi and Szilagyi 2000). After ECG signals were digitized at a
rate of 1,000 Hz, the digital signals were divided into 10 scales by using “coif5” wavelet.
The coif5 is a 5th order coiflet (a discrete wavelet) function designed (by Ingrid Daubechies)
(Burrus et al. 1997) to enable the best performance for de-noising ECG signals (Tan et al.
2007). Wavelet transform further allowed for a high speed convergence to reduce
computation time (Donoho 1995). Thresholding analysis was applied to suppress the gill
motion noise that was merged within ECG signals. The remaining signals were recomposed
by the inverse wavelet transform, resulting in the de-noised ECG signals. P wave (atrial
contraction), QRS complexes (ventricular contraction) and ST segment (ventricular
repolarization) were distinguishable for the epicardial ECG recordings, and QRS intervals
were measured from the beginning of upstroke (Q) to the troughs (S). The signal-to-noise
ratio (SNR) in decibel was calculated before and after processing using the following
formula:
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signal

SNR=20log 1)

noise

Where A is the root mean square (RMS) voltage for signal and noise, respectively. SNR for
the epicardial ECG recordings and surface ECG recordings were compared to evaluate the
feasibility of electrode array-based epicardial ECG applications.

2.5 Optical calcium transients in the entire and apical region of the adult zebrafish hearts

Intracellular cardiomyocyte calcium concentrations allowed for monitoring the propagation
of electrical signal across the heart with a 320x240 pixels resolution. The experimental setup
and methods for simultaneous optical imaging of Calcium were described previously
(\Valderrabano et al. 2006). In brief, adult zebrafish were sedated in a 0.02% solution of
Tricaine Methanesulfonate in water until they stop moving completely. Hearts were
removed from the fish via midline incision and were then incubated in incubation solution
(1S) containing 5 uM Fluo-4-acetoxymethy! ester dissolved in dimethyl sulfoxide and
pluronic F-127 (0.1%) (Invitrogen) for 40 min. Hearts were then washed in Tyrode’s
solution (in mM, NaCl 136, KCL 5.4, NaH,PO,4 0.3, MgCI2 1.0, Glucose 5.0, HEPES 10
and CaCl, 1.8, pH adjusted to 7.4 with NaOH ) before transferring to an experimental
chamber (T=23°C) on a inverted microscope (Olympus). Whole heart Calcium imaging was
performed with a resolution of 320x240 pixels at 30 frames/second using a CCD camera
(Model LCL 811K, Watec America, Las Vegas, NV)(Chen et al. 2006) and apical heart
imaging was recorded by a digital camera (Canon EOS 550D) at 50 frames per second.
Optical mapping and myocardial calcium dynamics were superimposed to provide direct
comparison.

2.6 Optical calcium transients in a single cell

3 Results

After heart was removed from fish as described above, ventricle was isolated under
microscope. Ventricles then will be digested in the calcium-free salt solution (SS) containing
the following (in mM): NaCl 136, KCI 5.4, NaH,PO,4 0.33, HEPES 10 (pH 7.4)
supplemented with 0.1 mg/mL trypsin and 1 mg/mL collagenase. Digestion was allowed at
37°C for 20 min. The tissue was then transferred into SS supplemented with 0.1 mM CaCl,
and 1 mg/mL BSA, and cells were isolated by gentle trituration using fire-polished pastor
pipette of different pore sizes.

Next, isolated cardiomyocytes were centrifuged and resuspended with the IS for 30mins.
After incubation cells were washed and transferred into standard Tyrode’s solution for
imaging. ImageJ (NIH) and Matlab (Mathworks) software were used for data processing.

3.1 Eipcardial ECG signal processing

The initial ECG signals were recorded at 1,000 Hz (Fig. 3(a)). Wavelet transform was
performed by breaking down the signals into 10 frequency segments ranging from 0 Hz to
the Nyquist frequency (Y2 of sampling frequency, i.e. 500 Hz) (Fig. 3(b)) (Sun et al. 2009).
The individual frequency ranges contained different levels of signal components in the
presence of noise, which was suppressed by the pre-set threshold value (Fig. 3(b)). Signals
in the frequency range between 0.98 Hz and 7.8 Hz were not filtered to preserve T wave
(Sun et al. 2009). The final ECG signals were re-constructed by inverse wavelet transform
after noise reduction (Fig. 3(c)). The P waves, QRS complexes and T waves were retained,
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allowing for significantly improved signal-to-noise ratios from approximately 2 dB for the
raw data to 7 dB after processing.

3.2 Epicardial ECG versus surface ECG signals

Implantation of flexible microelectrode arrays in the zebrafish myocardium revealed distinct
P waves, QRS complexes and T waves (Fig. 4). While ECG signals recorded from
Electrodes A and B revealed high amplitude QRS complexes (Fig. 4(a) and (b)), electrode C
revealed low amplitude QRS complexes and inverted ST segments (Fig. 4(c)). In
comparison with the surface ECG signals (Fig. 4(d)), epicardial microelectrode array
demonstrated a higher signal strength (1.1 V) compared to surface needle microelectrodes
(0.8 V) with comparable SNR (7.1 dB vs. 7.4 dB for epicardial ECG and surface ECG,
respectively).

3.3 Interfacing epicardial ECG signals with propagation of calcium transient in the entire

hearts

Excitation conduction across the myocardium revealed propagation of electrical signals
beginning from the atrium (A), through AV ring (AVR), to the ventricle (V) (Fig. 5). In
response to cardiac contraction, a sequence of intracellular Calcium transients was captured
in an area measured at 1870x1400 um?, accompanied by an image resolution of 320x240
pixels. As the Calcium transients propagated from the atrium, through the AV ring, to the
ventricle (Fig. 5(b)), instantaneous changes in Ca2* as a function of time were consistent
with the sequence of atrial contraction (P waves) and ventricular contraction (QRS
complexes). Isochronal map revealed that fast conduction rate developed in both atrium and
ventricle as evidenced by the longer distance between the white dash lines, whereas slow
conduction rate occurred in the AV ring region as evidenced by a shorter distance between
the dash lines (Fig. 5(c)). The sequence of pseudo-colored snapshots of Ca2* fluorescence
corresponded to atrial contraction from 0 ms to 167 ms (P waves); ventricular contraction
was initiated within the first 167 ms(QRS complexes) and propagated up to 267 ms,
followed by ventricular repolarization until 400 ms (ST segments) (Fig. 5(d)). Thus,
application of Calcium mapping provided a basis to validate conduction phenotypes from
epicardial ECG signals.

3.4 Interfacing epicardial ECG signals with intracardiac calcium transients in a single cell
and an apical region

In corollary, Calcium transients were captured in the apical region of a contracting ventricle
(Fig. 6(a)). The mean grey value intensity plots of the five regions of interests (ROISs)
revealed Calcium transients, d[Ca2*]/dt, in synchrony with the epicardial ECG signals (Fig.
6(b)). Intracellular Calcium transients were also captured in three ROIs from a single
contracting cardiomyocyte (Fig. 6(c)). Corresponding mean fluorescence intensity plots
demonstrated propagation of Calcium transients at single cell level (Fig. 6(d)). Thus,
epicardial ECG recordings provide a reliable means of label-free monitoring of conduction
phenotypes.

4 Discussion

Heart failure inflicts nearly 5 million people in the US, and an additional 550,000 new cases
are diagnosed each year. Despite current regimens, heart failure remains the leading cause of
morbidity and mortality in the United States and developed world mainly from inadequate
replacement of infracted myocardium. Despite limited capacity for cardio-myocytes to
divide, this regeneration is insufficient to overcome the significant loss of myocardium
(Hsieh et al. 2007; Bergmann et al. 2009; Bersell et al. 2009). However, zebrafish (Danio
rerio) possess a remarkable capacity to regenerate a significant amount of myocardium in
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injured hearts, and thus, represent a viable vertebrate model for regeneration (Poss et al.
2002).

In this study, we demonstrated real-time recordings of electrical conduction phenotypes in
small vertebral animal such as zebrafish via flexible microelectrode arrays. Distinct P
waves, QRS complexes, and ST segments were comparable to those of surface ECG.
Furthermore, the dynamic intracellular Calcium transients were in synchrony with the
epicardial ECG signals, and propagation of Calcium from the atrium to ventricle was
coupled with one cycle of ECG signals. Thus, interfacing flexible microelectrodes with the
epicardium was conducive to real-time recording of electrical signals from the contracting
hearts with high spatial resolution at ~20 um.

The advent of flexible microelectrodes allows for physiological interrogation of the small
animal systems at the interface between electronics and living tissue (Yu et al. 2008; Rodger
et al. 2006B). Flexible intravascular thermal sensors have been deployed to the aortas of
New Zealand White rabbits model on hypercholeterolemic diet to asses arterial regions
prone to atherosclerotic plaques (Yu et al. 2011). Novel flexible parylene-based high-density
electrode arrays have also been applied for electrical stimulation in the retinas and spinal
cords (Rodger et al. 2007). These electrode arrays were micro-fabricated according to
single-metal-layer and, most recently, by the dual-metal-layer processes. Electrode arrays
have also been implanted and tested in the spinal cords of murine models, with the ultimate
goal of restoring locomotion post spinal cord injury. These arrays provide a high density and
precise spatial control of stimulation and recording otherwise impossible with the traditional
fine-wire electrodes (Rodger et al. 2006a). Furthermore, with the recent advancement of
epidermal electronic technologies (Kim et al. 2011), long-term epicardial ECG monitoring
for small vertebrates in aqueous environment are made possible with wireless powered,
implantable multielectrode microelectronics.

Dipole, the polarity of the cardiac pacemaker, the distance of the electrode from the dipole,
and the strength of the electrical field influence ECG recording (Braunwald et al. 2004). For
example, the amplitude of ventricular contraction (QRS) signals varies depending on the
distance and direction from the dipole (Fig. 7). The strength of electric potential (Ep) is
proportional to the solid angle (Q2) and charge surface (® = voltage/unit of the solid angle),
and is inversely proportional to the square of the distance from the source. Consistent with
the 12-lead surface ECG signals in humans, the amplitude and shape of QRS complexes and
ST segments varied depending on the solid angle () and the strength of charge surface (® =
voltage/unit of the solid angle) from the pacemaker source or dipole (Fig. 4). Compared to
previously reported surface ECG recording (Fei Yu et al. 2010), the epicardial
multielectrode ECG system was able to provide information about the pacemaker dipole as
well as the asymmetricity of the ventricle repolarization, and will be particularly useful in
monitoring ECG changes during heart regeneration.

In this study, we also demonstrated that epicardial ECG signals correlated with optical
Calcium transients in the whole hearts. Optical Calcium transients required resection of the
entire hearts or isolation of cadiomyocytes from the fish, whereas epicardial ECG recordings
were performed in real-time without sacrificing the animals. While Calcium transients
revealed contraction of individual cardiomyocyte and atrioventricular activation in the entire
hearts, flexible microelectrodes allow for a global assessment of electric conduction from
atrial contraction to ventricular contraction and repolarization. In addition, Calcium dye is
cytotoxic, undergoing photobleaching during prolonged recording. Thus, interfacing flexible
microelectrodes with contracting epicardium offered a non-invasive and long-term strategy
to assess tissue regeneration.
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Overall, flexible microelectrodes provided an entry point to identify the specific electrical
responses to tissue injury, drug-screening, and regenerating hearts. These phenotypic effects
are otherwise difficult with optical mapping alone. By allowing for direct electrode contact
with the non-planar surface of the pericardium, epicardial ECG signals will further address
the inter-observer and inter-lab variations, as well as changes in solid angles between trials
with the use of a pair of microelectrodes. Furthermore, application of flexible
microelectrodes allows for addressing a higher pacing threshold in the regenerating part of
the heart where the regenerated myocardium is not fully conductive. In the era of
regenerative medicine, flexible microelectrodes are conducive to maintain a connection with
the living tissues without damaging the host cells; thus, enabling longitudinal monitoring of
the conduction phenotypes in the specific regions of injured and regenerating myocardium.
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1. Spin photoresist (optional) 4. Expose and develop PR 7. Deposit parylene 10. Transfer pattern with O2 Plasma
2. Deposit parylene 5. Deposit Metal 8. Spin PR 11. Strip PR
3. Spin photoresist 6. Stip PR 9. Expose and develop PR 12. Water or Acetone strip

WS I Photoresist (PR) B Parylene Au

Fig. 1.

Microfabrication steps for flexible microelectrode arrays. The microelectrode array is
embedded in a sandwich structure as parylene-metal-parylene. Steps 1-4: Approximately 8
um of parylene C was deposited on a silicon wafer, followed by spin-coating with a
photoresist sacrificial layer. Steps 5-6: A gold metal liftoff process was used to define a 16
um pitch with a thickness from 200 nm to 300 nm. Step 7: A second parylene deposition (~1
um) formed the insulation. Steps 8-10: A small via at 6 umx6 pum was patterned in the
insulation layer by oxygen plasma reactive-ion etching. Step 11: The top layer of photoresist
was striped to expose the microelectrode arrays. Step 12: The arrays were peeled from the
wafer in a water bath or released through removal of the sacrificial photoresist in acetone
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Fig. 2.

(a) Flexible microelectrode arrays for zebrafish ECG recording. The chest strip (upper
electrodes) consisted of detecting electrodes (A, C, and D) and the tail strip (lower
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electrode) consisted of a reference electrode. (b) Microelectrode array implantation scheme.
The chest strip was inseted into the chest cavity above the pericardium. The tail strip was

secured to the tail
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(b) Adaptive thresholds

B R e i
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Wavelet transform and noise-reduction algorithm for zebrafish ECG recordings. (a) Raw
signal directly recorded from sedated zebrafish at sampling rate of 1000 Hz. (b) Breakdown
of raw signals into frequency segments via coif5 wavelet transform. Low frequency signals
(DC to 0.98 Hz) were completely filtered. Thresholds were applied to the individual
frequency ranges for suppression of corresponding noise levels. Sub-threshold values were
set to zero. Signals within frequency range from 0.98 Hz to 7.81 Hz were reserved to ensure
fidelity of T-waves. (c) Filtered ECG signals were reconstructed by performing inverse
wavelet transform from processed frequency segments
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(a) ECG signals recorded from Electrode A with respect to (wrt) the reference electrode. (b)
Electrode B with respect to the reference. (c) Electrode C with respect to Electrode D. (d)
ECG signals acquired by the sue of surface needle microelectrodes. Signals after noise-
reduction from epicardial microelectrode array demonstrated comparable signal strength

(0.6-1.1 V vs. 0.8 V, respectively) as well as signal to noise ratio (7.1 dB vs. 7.4 dB,

respectively) compared to surface needle ECG
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0 400 ms

Fig. 5.

Calcium transients in the entire zebrafish heart. (a) Raw optical Ca fluorescence image. A,
atrium; AVR, AV ring; V, ventricle. Red arrow indicates the conduction direction. (b)
Upper panel shows Ca;j transients traces from representative sites in the A, AVR and V. The
lower panel shows line scans of Ca fluorescence along the red line in A, showing AV
conduction velocity (slope of leading edge) is delayed through AVR compared to A and V.
(c) Isochronal map showing the fast conduction velocity in both A (greater separation
between dashed white isochrones) and slow conduction velocity through AV ring area
(crowded isochrones). The dashed green square indicates the mapped area in panel D. (d)
Pseudo-colored snapshots of Ca fluorescence at the various times indicated at the lower left
of the each snhapshot, Red = high calcium; yellow and green = intermediate calcium, and
blue-black = low calcium. The white arrow shows the direction of conduction. Scale bars:
200 um (a, ¢); 1 s (b)
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Fig. 6.

(a) Apical region of a contracting ventricle was captured. Five ROIs were represented by
boxes and the apex (edge not shown) was indicated by an arrow. Scale bar, 200 um. (b)
Corresponding mean fluorescence intensity plots of ROIs 1-5 revealed propagation of
Calcium transients, normalized d[Ca2*]/dt of rising slope were calculated, d[Ca2*]/
dt=11.45+1.11 (n=5), dotted lines represent linear fitting of slopes. From box 1 to box 5 that
were superimposed in one epicardial ECG cycle (1.2 s). Arrows indicated peak amplitudes
that were normalized to 1 with arbitrary unit (AU). (c) Three regions of interests (ROIs)
denoted by white boxes 1, 2 and 3 were captured from a single contracting cardiomyocyte.
Scale bar, 20 um. (d) Corresponding mean grey value intensity plots of 3 ROIs illustrated
Calcium transients. Second rising calcium transients were used to calculated normalized d
[CaZ*]/dt (d[Ca?*]/dt=8.13+0.93, n=3) as indicated by arrows, dotted lines show linear
fitting of three rising slope. Amplitude of calcium transients were normalized to 1, with
arbitrary unit (AU)
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Fig. 7.

(a) Comparison between human and zebrafish ECG signals. Due to a smaller heart size and
higher mean heart rates, the PR interval for zebrafish is shorter than that of humans. T waves
usually display a biphasic pattern acquired from the pseudo-unipolar electrodes. (b) Lead
placements in relation to the vector direction. QRS amplitudes in P1 and P2 are dependent
on the electrode lead position. E, denotes electric potential, Q the solid angle, and @ the

strength of charge surface (® = voltage/unit of the solid angle)
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