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A bioelectrical phase transition patterns the first vertebrate heartbeats 
Bill Z. Jia1,2,3, Yitong Qi1, J. David Wong-Campos1, Sean G. Megason2*, Adam E. Cohen1,4*   
Abstract 

A regular heartbeat is essential to vertebrate life. In the mature heart this function is driven by 
an anatomically localized pacemaker. In contrast, pacemaking capability is broadly distributed in 
the early embryonic heart1–3, raising the question of how tissue-scale organization of activity is 
first established and then maintained during embryonic development. The initial transition of the 
heart from silent to beating has never been characterized at the timescale of individual electrical 
events, and the structure in space and time of the early heartbeats remains poorly understood.  
Using all-optical electrophysiology, we captured the very first zebrafish heartbeat and analyzed 
the development of cardiac excitability and conduction around this singular event. The first beats 
appeared suddenly, had irregular inter-beat intervals, propagated coherently across the primordial 
heart, and emanated from loci that varied between animals and over time.  The bioelectrical 
dynamics were well described by a noisy saddle-node on invariant circle (SNIC) bifurcation with 
action potential upstroke driven by CaV1.2. Our work shows how gradual and largely 
asynchronous development of single-cell bioelectrical properties produces a stereotyped and 
robust tissue-scale transition from quiescence to coordinated beating. 

Main 
Cardiac activity during early embryonic development has been documented for over two thousand years4,5. 

However, in vivo observations of physiological function in the heart primordium have been limited in 
spatiotemporal resolution and sample size6–11. This scarcity of data means that the bioelectrical mechanisms for 
the emergence of organized cardiac function are still poorly understood. We asked: how does the heart go from 
silent to regular beating?  What are the intermediate activity states, and how do these states emerge from the 
ensemble of single-cell developmental trajectories12? Here, we applied all-optical electrophysiology13 to observe 
the first beats of developing zebrafish hearts and to assess the electrical excitability and connectivity patterns 
underlying these dynamics. 
Capturing the first heartbeat 

A first heartbeat is a once-in-a-lifetime event.  We sought to capture this event via calcium imaging as 
zebrafish embryos developed from 18 – 22 hours post fertilization (hpf; Fig. 1a).  During this period, the bilateral 
cardiac progenitor populations converge and form the heart cone, and early heartbeats have been reported at 
homologous developmental stages in the chick, rat, and mouse6–11. At this stage, the progenitors are differentiating 
into distinct cell types, so we ubiquitously expressed the genetically encoded calcium indicator (GECI) 
jGCaMP7f14 to capture activity that might be missed by tissue-specific expression. To acquire robust statistics, 
we combined a system for wide-area all-optical electrophysiology15 with a custom agarose mold for live imaging 
of up to 18 embryos concurrently (Fig. 1b; Supplementary File 1; Supplementary Videos 1,2; Methods). This 
system produced consistent recordings across experiments (Extended Data Fig. 1a). Commonly used tools for 
arresting cardiac and skeletal muscle motion (tnnt2a morpholino and alpha-bungarotoxin mRNA respectively) 
had little effect on the calcium activity (Extended Data Fig. 1b–d). A second red-shifted GECI, FR-GECO1c16, 
also recorded similar dynamics and time of initiation (Extended Data Fig. 1e–g). Dynamics were uncorrelated 
between neighboring embryos, implying minimal mechanical or chemical coupling (Extended Data Fig. 1h). 
These results establish that our experimental preparation faithfully captured the early development of zebrafish 
cardiac physiology. 
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Within each embryo, the primordial heart showed an abrupt transition from quiescence to calcium spiking 
with a stereotyped waveform.  These transitions occurred in a tight developmental window of 20.3 ± 0.4 hpf 
(mean ± SD, n = 39 embryos; Fig. 1c–e, Methods). Calcium dynamics mostly colocalized with fluorescent protein 
reporters in Tg(myl7:eGFP)17 and Tg(-36nkx2.5:ZsYellow)18 lines, suggesting that the activity occurred in 
developing cardiomyocytes (Extended Data Fig. 2a–c). Consistent with previous reports, rhythmic calcium 
dynamics were present before mechanical contractions could be detected (typically 21–22 hpf) using brightfield 
microscopy (Supplementary Videos 3,4)7,8,11. We refer to the first large-scale calcium transient as the first 
heartbeat. 

We next asked whether the first heartbeat engaged the whole tissue or was confined to a subset of cells.  Prior 
to the first heartbeat, we observed occasional single-cell calcium transients, as has been reported previously11.  
These events were infrequent (0.2 – 0.7 per minute), long-lived (3.40 ± 2.09 s), lacked a sharp peak, and were 
asynchronous between cells, making them qualitatively distinct from the first heartbeats (Fig. 2a; Extended Data 
Fig. 3a–d). The first beat usually engaged > 4000 μm2 of tissue, comprising most of the heart primordium, 
compared to a typical cell size of 82 μm2 (Extended Data Fig. 3e–f; Supplementary Video 5). However, the first 
beat occasionally (3/39) preceded the electrical fusion of the two progenitor fields and only propagated through 
half of the heart (Fig. 2a; Extended Data Fig. 3g–i).  In such cases, the beat engaged the contralateral side within 
30 minutes.  During the hour after the first beat, the spatial extent of the spikes and the spatially averaged spike 
amplitude only increased slightly (area: 35 ± 47% increase, amplitude: 22 ± 27% increase) and spike width only 
decreased slightly (-24 ± 10% decrease), (Fig. 2b–d; Extended Data Fig. 3j–o). Therefore, the initiation of the 
heartbeat was a step change from sparse and slow single-cell transients to sharp, tissue-scale spikes that remained 
relatively stable in spatial extent and waveform over the following hour of development. 

 
Tissue-average dynamics of the early heartbeat 

We then investigated how the heartbeat became periodic. The first beats were infrequent and irregularly 
spaced.  The inter-spike interval (ISI) became shorter and more uniform as the heart developed (Fig. 2e). The 
heart rate increased from 7.1 ± 3.3 beats per minute (bpm) at 10 minutes post onset (mpo) to 29.6 ± 7.9 bpm at 
120 mpo (Fig. 2f).  We quantified the heart rate variability by the coefficient of variation (CV: standard 
deviation/mean) of the ISI.  This ISI CV decreased from 0.62 (0.44–0.83) (denoted as: “median (interquartile 
range, IQR)” throughout the text) at 10 mpo (ISI CV = 1 corresponds to a Poisson process) to 0.37 (0.26–0.52) at 
120 mpo (Fig. 2g).  
Excitable-to-oscillatory phase transition 

The mean heart rate and ISI CV of individual embryos followed stereotyped trajectories when aligned 
temporally to the first beat, suggesting a characteristic transition underlying the dynamics (Fig. 2f, g). We thus 
sought to understand the nature of the transition from quiescence to beating.  This transition can be described as 
a codimension-1 bifurcation, i.e. a step change in dynamics driven by a continuous change in a control parameter.  
There are just four classes of codimension-1 bifurcations into an oscillatory state19. The class of bifurcation 
determines an oscillator’s qualitative dynamics, including oscillation amplitude, frequency, and stability, as well 
as its response to perturbations. Efforts to classify bifurcations in biological oscillators have yielded important 
insights into physiological function, e.g. in the computational properties of neurons19–21 and the sensing 
mechanisms of cochlear hair cells22. We therefore sought to assign the initiation of the heartbeat to one of these 
classes. 

We compared our experimental results to simulated excitable-to-oscillatory transitions, using the action 
potential model of Morris and Lecar, which is the simplest model that allows simulation of all four bifurcation 
types (Supplementary Information; Extended Data Fig. 4a,b)23.  To capture the beat-rate variability in the system, 
we added white noise to the drive current. Interestingly, only the saddle-node on invariant circle (SNIC) 
bifurcation captured the experimental spike timing statistics (Extended Data Fig. 4c). The other bifurcations also 
differed qualitatively from the data (Supplementary Information), showing graded oscillation amplitude 
(supercritical Hopf bifurcation) or bistability between oscillatory and silent states (saddle-node, subcritical Hopf 
bifurcations). In contrast, the SNIC bifurcation predicted a relatively constant spike amplitude near the bifurcation 
point, and an absence of bistability between silent and spiking states, both consistent with our data. 
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All SNIC bifurcation models have similar dynamics near the bifurcation point24, so we proceeded with the 
simplest, the quadratic integrate-and-fire (QIF) model19 (Supplementary Information). The noisy QIF model 
comprises just a “spiking” variable, 𝜑𝜑, and two free parameters, the “injected current”, I, and the noise power, 
σw

2.  Intuitively, I determines the distance between a stable resting state and an excitation threshold.  When 𝜑𝜑 
crosses the excitation threshold, 𝜑𝜑 spikes and then returns to the resting state (Extended Data Fig. 4d – e). As I 
increases, the resting state and excitation threshold get closer until they annihilate each other, yielding the 
transition from excitable to oscillatory.  Strikingly, within a range of values of σw

2, the noisy QIF model captured 
the evolution of both mean beat frequency and ISI CV with just a linear scaling of I to developmental time (Fig. 
2h – j; Extended Data Fig. 5a – c). The QIF model also reproduced probability distributions and autocorrelation 
functions of experimental ISIs (Extended Data Fig. 5d – g). In summary, the periodic heartbeat emerges through 
a phase transition-like SNIC bifurcation, bridged by a regime of noisy spontaneous spiking (Fig. 2k, l). 
Calcium-voltage coupling 

The SNIC bifurcation suggests that early calcium transients arose by noisy crossing of an excitation threshold, 
followed by positive feedback amplification. The threshold and positive feedback could come from voltage-
dependent ion channels, e.g. voltage-gated calcium channels (VGCCs), or from voltage-independent intracellular 
mechanisms, e.g. calcium-induced calcium release25,26.  To distinguish these possibilities, we generated a 
transgenic zebrafish line co-expressing jGCaMP7f and a voltage indicator, Voltron127, in the heart primordium 
(Fig. 3a). To improve expression in the heart primordium, we developed a novel chimeric promoter (zACNE20-
myl7 (z20m); Extended Data Fig. 6). Expression under z20m co-localized with myl7 mRNA and pan-myosin 
heavy chain antibody (MF-20), markers for myocardium (Extended Data Fig. 6). We used a dual-wavelength 
imaging system and a red-shifted HaloTag ligand dye to simultaneously capture Vmem and calcium activity in 
Tg(z20m:Voltron1-P2A-jGCaMP7f) embryos (Fig. 3b–d; Supplementary Video 6).  

After the onset of beating, there was a 1:1 relation between spikes in Vmem and in calcium.  The electrical 
upstroke preceded the Ca2+ upstroke by 97 (76 – 131) ms (Fig. 3c, e), longer than the difference in sensor kinetics 
(Voltron1 and jGCaMP7f have half-rise times of 0.44 ms and 27 ms respectively).  Both voltage and Ca2+ 

propagated through the tissue as coherent waves, with Ca2+ lagging Vmem in space (Fig. 3d; Supplementary Video 
6), consistent with our previously observed tissue-scale initiation of the heartbeat (Fig. 2a; Extended Data Fig. 3; 
Supplementary Video 5). We did not observe any voltage spikes above baseline noise prior to the onset of Ca2+ 
spiking (Fig. 3b; Extended Data Fig. 1k–o ; Methods). These results establish that the first beats comprise 
electrical action potentials. 

Since calcium elevation followed voltage depolarization, we probed the role of VGCCs in driving the early 
dynamics. We performed morpholino knockdown of cacna1c, which encodes the pore-forming ⍺1c subunit of 
the L-type VGCC CaV1.228.  In cacna1c morphants, neither calcium transients nor electrical action potentials 
(APs) could be detected by 22 – 23 hpf (Fig. 3f, g; Extended Data Fig. 7a–c). This finding points to CaV1.2 as the 
dominant channel for the earliest  AP upstrokes, consistent with pharmacological studies in 36 hpf fish29 and early 
mouse hearts11,30. 

We further investigated several other transporters which are important for electrical automaticity in adult 
pacemaker cardiomyocytes (Extended Data Fig. 7d–h). Morpholino knockdown of the sodium-calcium exchanger 
ncx1 slowed the decay of the earliest calcium transients and eventually generated long calcium plateaus, consistent 
with its role in removing excess calcium from the cytosol.  In more mature pacemaker cells, intracellular Ca2+ 
fluctuations are thought to contribute to spontaneous spiking via an NCX1-mediated current30,31.  Knockdown of 
ncx1 did not delay the first calcium transients (Extended Data Fig. 7e), suggesting that this mechanism is not yet 
active in the first heartbeats.  

Morpholino knockdown of hcn4, which generates the hyperpolarization-activated “funny current”32, also did 
not delay the first beats and furthermore had no effect on spontaneous calcium dynamics (Extended Data Fig. 7f–
h). This observation is consistent with a prior report that the funny current only becomes active between 54 and 
102 hpf29.  Knockdown of atp1a1a, a subunit of the Na+,K+-ATPase important for regulating resting Vmem

33, 
delayed initiation and slowed the acceleration of heart rate, consistent with a view that electrical polarization is 
necessary for the first beats.  Together, these experiments establish depolarization-activated transmembrane Ca2+ 
currents as the driver of the first beats. 
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Development of electrical excitability and conduction 
A key prediction of the SNIC bifurcation model is that it should become increasingly easy to excite action 

potentials in the time approaching the first spontaneous beats, as the baseline Vmem and threshold approach each 
other (Fig. 2k, l). To test this prediction, we used the channelrhodopsin CoChR34 to optogenetically depolarize 
the heart primordium while imaging with FR-GECO1c (Fig. 4a). We applied periodic impulses of blue light 
targeted to the whole heart and measured the probability of evoking a calcium transient as a function of 
developmental time (Fig. 4b; Supplementary Video 2). We observed all-or-none responses to individual stimuli, 
indicative of coherent tissue-wide responses which resembled later spontaneous heartbeats. The heart became 
optogenetically excitable in a window 90 minutes before the first spontaneous beats (Fig. 4b–d). Within individual 
embryos, the response rate to optogenetic stimuli increased from 0% to close to 100% in typically less than 5 
minutes.  This rapid transition is qualitatively consistent with the phase transition-like behavior observed in the 
endogenous dynamics (Fig. 1e, f; Fig. 1f–i).  Optogenetic stimulus before spontaneous beating did not affect when 
the heart subsequently started beating spontaneously or its rate (Extended Data Fig. 1i–j).  Optogenetic stimuli 
did not evoke beats in cacna1c morphant fish (Extended Data Fig. 7i–j), consistent with the key role for Cav1.2 
in driving the early action potential. 

To understand how the first heartbeats typically engaged the entire heart field (Supplementary Video 5), we 
investigated the nature of cell coupling before the first beats. During the epoch where the heart was excitable but 
not yet spontaneously active, we targeted optogenetic stimuli to small sub-regions of the heart in 
Tg(z20m:FRGECO1c-P2A-CoChR-eGFP) fish.  These stimuli elicited propagating calcium waves that initiated 
at the stimulus location (Fig. 4e; Supplementary Video 7). Therefore, cells were coupled before the initiation of 
the spontaneous heartbeat and could be excited not only by external stimuli but also by their neighbors. Wave 
propagation speeds were similar between precocious optically evoked waves, 617 (567–767) µm/s, and early 
spontaneous activity, 646 (465–772) µm/s, (n.s., Fig. 4f). These speeds were an order of magnitude faster than 
reported values for calcium waves driven by diffusion of small molecules35. Immunofluorescence showed 
expression of the gap junction protein connexin-43 as early as 18 hpf (Extended Data Fig. 8).  These observations 
combined with our measurements of voltage excitability and AP propagation (Fig. 3d) suggest that wave 
propagation was mediated by sharing of Vmem between cells, consistent with gap junction coupling. The presence 
of both electrical excitability and coupling thus primes the heart for a tissue-wide response to the first spontaneous 
action potential, explaining the sudden transition from silence to large-area coherent heartbeats. 
Spatial origins of electrical waves 

The capacity for spontaneous activity is widespread in embryonic cardiomyocytes and gradually becomes 
localized to cells in molecularly distinct pacemaker regions during development1–3. Reports on the spatial locus 
of initiation (LOI) of early heartbeats vary6–8, and the mechanisms determining its location in the early heart are 
unknown. To locate the early LOI in zebrafish hearts, we made high-speed (100 Hz) calcium-imaging maps of 
the spontaneous heartbeats at 20-22 hpf, using the jGCaMP7f reporter (Fig. 5a; Methods). The LOI was variable 
in location between embryos (Fig. 5b) with a bias for the anterior-left quadrant of the heart cone (38/71 
observations across 10 embryos). The LOI was typically stable for >10 minutes, but large and sudden 
displacements of the LOI (> 200 µm/h) between recordings occurred occasionally (mean 1 event/70 min; 
Extended Data Fig. 2d).  

We sought to relate the functional LOI to the underlying pattern of cell identities. The zebrafish heart cone 
has a well-defined fate map, with distal regions of the cone contributing to the inflow tract, pacemakers, and 
atrium, and proximal regions contributing to the ventricle and outflow tract36,37. The early LOI (15 – 45 mpo) 
resided primarily in the proximal heart cone and colocalized with myl7:eGFP (Extended Data Fig. 2e,f). The LOI 
drifted outwards as development progressed (15 mpo: 29 (25–31) µm from the inner edge; 105 mpo: 54 (44–65) 
µm; Fig. 5a–c). Consistent with its anatomical trajectory, the initial LOI expressed nkx2.5:ZsYellow more strongly 
than the later LOI  (Fig. 5d).  

The proximal Nkx2.5+ location (Extended Data Fig. 2g) of the initial LOI contrasts with the concurrent 
specification of a reported pacemaker lineage in a distal (~100 µm outwards) and sparse Isl1+/TCF+ population 
undergoing downregulation of Nkx2.537. At later stages (~22 hpf), the LOI was located in a region of TCF+ cells 
(Fig. 5a) with reduced nkx2.5:ZsYellow fluorescence (Fig. 5d). There is little cell mixing during zebrafish heart 
tube formation (Supplementary Video 8, refs. 38,39), confirming that the relative positions of different cell fates 
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are preserved. Consistent with this notion, relative nkx2.5:ZsYellow intensity at the original location of the LOI 
at 15 mpo was unchanged at 105 mpo (Extended Data Fig. 2h). These observations imply that the LOI moved 
between cell populations. In summary, the location of the early LOI is not precisely specified, but it is 
preferentially located in the future ventricular myocardium.  This location is spatially distinct from the cells that 
ultimately become pacemakers. 
Dynamical determinants of LOI position 

The SNIC model predicts that the spontaneous frequency depends strongly on the bifurcation parameter.  
Within a tissue where there are gradients and spatial variability in developmental trajectories (Fig. 5a – d), one 
would expect a diversity of spontaneous frequencies.  How, then, does the tissue produce coherent beats that 
emerge from a relatively stable LOI?  

We hypothesized that electrical coupling between cells led to phase locking to the highest frequency oscillator. 
To test this hypothesis, we used the hyperpolarizing anion channelrhodopsin gtACR240 and targeted illumination 
to selectively silence different regions of the heart (Fig. 5e–h; Supplementary Video 9), while simultaneously 
monitoring calcium with FR-GECO1c. Silencing of the LOI caused a drop in spontaneous frequency, f, and the 
emergence of a new LOI in a different spot, whereas silencing non-LOI regions caused significantly smaller 
relative frequency drops (fafter/fbefore: LOI silenced, 0.870 (0.663–1.0657); non-LOI region silenced, 1.15 (0.96–
1.25)) and little LOI displacement (LOI silenced: 70.46 (476.59–87.19) µm; non-LOI region silenced: 25 (15–
46) µm; Fig. 5i, j; Supplementary Video 9). These observations indicate the presence of multiple potential LOIs, 
with the actual wave origin set by the one with the fastest natural frequency. This mechanism resembles the 
“overdrive suppression” that determines heartbeat initiation site in the adult cardiac conduction system41. The 
presence of overdrive suppression is consistent with prior suggestions based on experiments in dissociated 
embryonic cardiomyocytes and surgically or genetically perturbed hearts6,42,43, but to our knowledge has not 
previously been identified in the intact embryonic heart. 

We further tested the overdrive suppression model by focal CoChR pacing of spontaneously active hearts at 
different frequencies.  The optogenetic stimuli only changed beat rate and LOI position when the stimulus 
frequency was faster than the spontaneous frequency (Extended Data Fig. 9).  Furthermore, once pacing stopped, 
the LOI immediately returned to its previous rhythm and location, with no apparent memory of pacing (Extended 
Data Fig. 9). The presence of relatively stable LOI locations and an outward drift punctuated by occasional jumps 
suggests competition among multiple cellular oscillators, each with asynchronous maturation toward gradually 
increasing spontaneous beat rate.  

 
Robustness to noisy patterning of electrical properties 

We then asked whether a spatially extended model of an excitable-to-oscillatory transition could account for 
the above observations on LOI position and response to perturbations.  We simulated resistively coupled Morris-
Lecar oscillators undergoing a SNIC bifurcation, with a linear spatial gradient of input current, I, to model the 
observed clustering of the LOI in the anterior-left quadrant. Despite dynamic current noise and static 
heterogeneity of excitability, the simulations produced coherent waves which emerged from a single LOI and 
swept the tissue under a broad range of parameters (Supplementary Information; Extended Data Fig. 10). A time-
dependent offset in the current recapitulated the beat-rate statistics, as in the single-oscillator QIF model 
(Extended Data Fig. 10; Fig. 2f – j).  Thus, our model can explain how noisy and gradually changing single-cell 
excitability properties can produce abrupt and tissue-wide changes in action potential dynamics. 
Discussion 

Our work provides a coherent picture for how the heart starts beating (Fig. 5k). The heart becomes electrically 
coupled and excitable before the first spontaneous beats. Beating begins as the result of a SNIC bifurcation 
resulting in a sudden transition to full-fledged, CaV1.2-dependent action potentials that sweep the tissue.  
Overdrive suppression among many spontaneously active units in the proximal heart cone then assures the 
presence of one, and only one, locus of initiation in a single beat. The determination of the early LOI is not driven 
by a molecularly distinct “pacemaker” cell-type, but rather emerges by biophysical interaction of spatially 
distributed and noisy oscillators.  Isl1+/Nkx2.5- pacemaker cells only begin to act as the LOI later in development.   



6 
 

The use of advanced optical electrophysiology tools in zebrafish allowed us to characterize this intricate 
process with high resolution in a minimally invasive way. We observed many features consistent with past studies 
in amniote embryos, including: asynchronous single-cell calcium transients before the first beats11, major 
functional roles for VGCCs and NCX11,30, electrical and calcium spikes before mechanical contractions7,8,11, and 
variability and lability of the spatial origin of heartbeats9. These similarities suggest that many of the early events 
in heartbeat functional development are conserved across vertebrates. Our results unify these observations and 
identify how they contribute to the spatiotemporal organization of the earliest cardiac dynamics.  

Our data show that the spatial structure of the first heartbeats undergoes a rapid step transition to tissue-scale 
engagement, but the temporal structure goes through a noisy intermediate between quiescence and periodicity. 
All biological dynamics are affected by noise, including oscillations44 and bifurcations45. Living systems must 
overcome this variability to achieve order46,47, but in many cases noise plays an important role in function48. The 
initiation of the zebrafish heartbeat falls into this latter category – remarkably, a simple, well-studied model49 of 
a stochastic SNIC bifurcation captures all the dynamical steps between quiescence and regular beating. 

The function of early self-organized electrical activity is unclear. A rhythmic, spatially structured beat arises 
well before connection to the circulatory system and blood pumping and is not necessary for survival in early 
zebrafish embryos50. Early activity may contribute to further cardiovascular development, e.g. by calcium 
signalling51 or mechanical contractility52,53. Robust strategies to initiate physiological function are likely to be 
broadly important for the progression of embryonic organogenesis.  
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Figures 

 

Fig. 1: Multiplexed time-lapse calcium imaging captures the first heartbeats of zebrafish 
embryos. a, Injection of mRNA encoding jGCaMP7f for whole-embryo Ca2+ imaging during 
zebrafish heart cone formation.  b, Low-magnification microscopy platform and array mount for 
multiplexed live imaging and all-optical electrophysiology. c, representative Pearson correlation 
(green) of individual pixel time traces to putative cardiac activity (3/3 experiments).  Activity maps 
are overlaid on grayscale images of baseline fluorescence. Scale bar, 500 µm. d, Histogram of time 
of onset of the first cardiac calcium spike (n = 39 embryos, 3 experiments). e, jGCaMP7f ΔF/F 
measurements of representative hearts aligned by the first calcium spike. f, Zoomed-in traces from 
e.  



 

Fig. 2: The heartbeat undergoes coordinated initiation via a noisy SNIC bifurcation. a, 
Single-cell calcium transients followed by a large-scale coherent event at t = 0 (3/3 embryos, 
quantified in Extended Data Fig. 3).  Scale bar, 50 µm. b, Spike-triggered average waveform over 
50 spikes for individual embryos at onset and 1 hour post onset (hpo). Error bar is standard 
deviation over spikes at each time sample. c,d,  aAverage transient amplitude (c) and spike width 
(d) over 50 beats starting from the first beat and starting from 1 h later. Circles linked by lines 
represent values at different timepoints for individual embryos. Boxplots represent interquartile 
range (IQR; 25th, 50th, 75th percentile) with whiskers representing 1.5x IQR. e, Population 
distribution of inter-spike intervals (ISIs) in selected 10-minute windows relative to the first 
heartbeat. f, g, Beat rate (f) and ISI coefficient of variation (ISI CV; g) aligned to the first heartbeat. 
Black line: median; dotted lines and shading: interquartile range; colored lines: representative 
individual traces. h, Example traces of the first calcium spikes (green; top trace is the middle trace 



from Fig. 1f, reproduced) and QIF-generated simulation (blue). i,j Experimental frequency and 
CV jointly fit to the quadratic integrate-and-fire (QIF) model (dashed line, Supplementary 
Information, Extended Data Fig. 4) with linear scalings of drive current to developmental time. 
Shaded region is ±95% CI. b – j Same individuals as Fig. 1d, n = 39 embryos, 3 experiments. k, 
Phase portrait of the QIF model as it undergoes a SNIC bifurcation (Supplementary Information). 

l, Schematic describing emergence of spiking regimes in the early heartbeat driven by a 
noisy phase transition. Statistical test values: T = 27.0, p = 4.07e-7, **** (c); T = 0.0, p = 5.26e-
8, **** (d). Two-sided Wilcoxon signed-rank test.  

  



 

Fig. 3: Membrane potential is coupled to calcium dynamics in the first heartbeats. a, Genetic 
construct for simultaneous imaging of calcium and membrane voltage (Vmem). b, Calcium (green) 
and Vmem (purple) dynamics. Top: early heart primordium (6 bpm, estimated 15 – 30 mpo), middle: 
more mature specimen (25 bpm, estimated 110 mpo), bottom: specimen before onset of calcium 
dynamics. c, Spike-triggered averages (STAs) of the top two traces in b. d, Isochronal lines of 
Vmem action potentials corresponding to the 6 bpm and 25 bpm recordings in b and c. Grayscale 
image, absolute value of the first spatial PC of the calcium recording. Scale bars, 50 µm. e, 
Distribution of lags between voltage and calcium action potential upstrokes (Methods).  a - e, 40 
recordings from 36 embryos in one experiment. Data from f and g included in analysis. f, Dual 
recordings of Vmem and calcium for control and CaV1.2 knockdown (cacna1c morpholino) 
embryos at 22-23 hpf. g, Comparison of amplitude of electrical events in control and knockdown 
embryos. Boxplot represents interquartile range (IQR; 25th, 50th, 75th percentile) with whiskers 
representing 1.5x IQR. Control, n = 7 embryos; KD, n = 15 embryos. Statistical test values: U = 
1.52e6, p ~ 0 **** (g). Mann-Whitney-Wilcoxon two-sided test. 



 

Fig. 4: The heart primordium is excitable and electrically coupled before the first heartbeat. 
a, Genetic construct for simultaneous optogenetic stimulation and calcium imaging. b, Repeated 
testing of response to optogenetic stimulation in silent hearts. Black triangle indicates the first 
detected spontaneous beat. c, Response rate to optogenetic stimuli in individual embryos. 
Response rate for embryos not expressing CoChR was a result of spontaneous transients randomly 
aligning with blue light pulses. d, Fraction of the population displaying a greater than 50% 
response rate. c, d, n = 5 embryos -CoChR, n = 21 embryos +CoChR, two experiments. e, 
Activation map for triggered averages of calcium elevation evoked by localized stimulus before 
heartbeat initiation. Scale bar, 50 µm. f, Wave propagation speeds for early spontaneous activity 
and activity evoked before heartbeat initiation. Evoked, thirteen 45-second recordings, n = 7 
embryos, 2 experiments. Spontaneous, ninety 30-second recordings, n = 12 embryos, 3 
experiments. Circles represent individual recordings. Boxplot represents interquartile range (IQR; 
25th, 50th, 75th percentile) with whiskers representing 1.5x IQR. Statistical test values: t = 0.60, p 
= 0.55, n.s. Two-tailed unpaired t-test. 

 



     

 



Fig. 5: Wave geometry of the early heartbeat is set by competition between spontaneously 
firing cells. a, Activation maps of spontaneous activity in a representative embryo, showing drift 
of the locus of initiation over time (LOI; white/red triangle in all panels). Scale bar, 50 µm. Cyan: 
nkx2.5:ZsYellow, Red: TCF:nls-mCherry. b, LOI trajectories for individual embryos. Star 
indicates initial measurement, arrowhead indicates final measurement. Imaging intervals varied 
from 5.5 to 30.5 minutes (mean 14.6 minutes). Green dashed line indicates the approximate extent 
of the (strongly) Nkx2.5++ region. A: anterior, P: posterior, L: left, R: right. Scale bar, 25 µm. c, 
distance from inner edge of Nkx2.5++ region, and d, relative nkx2.5:ZsYellow intensity of the 
LOI as heartbeat maturation progresses. b – d, n = 12 embryos, 3 experiments. e, Schematic of 
optogenetic silencing. VGCC = voltage-gated calcium channel. f-f’, Example ΔF/F traces showing 
localized silencing. Purple: spontaneous LOI; green: non-LOI region. Blue circle: silencing target. 
g-g’’, Activation maps of endogenous activity (g) and associated with f (g’) and f’ (g’’). Scale bar, 
50 µm. h, Relative calcium transient amplitude (A) in the silenced ROI (+; median 0.216, IQR 
0.106 – 0.401) and in distal locations (-; median 0.562, IQR 0.348 – 0.705). i,jRelative heart rate 
(f) (i) and LOI displacement (j) as a function of optogenetic silencing location. h – j, 39 
observations, 13 embryos, 5 experiments. k, Schematic describing spatial patterning of the early 
heartbeat. All boxplots represent IQR with whiskers representing 1.5x IQR. Statistical test values: 
t = -4.55, p = 1.381e-3, ** (c); W = 5, p = 1.95e-2, * (d); U = 4350, p = 1.51e-8, **** (h); t = 
2.96, p = 5.34e-3, ** (i); U = 300, p = 2.0e-3, ** (j). Two-tailed paired t-test (c), two-sided 
Wilcoxon signed-rank test (d), Mann-Whitney-Wilcoxon two-sided test (h, j), two-tailed unpaired 
t-test (i). 
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Extended Data Fig. 1: Technical validations of experimental approaches. a, Histograms of 
onset time for experimental replicates. b, Comparison of time of onset for alpha-bungarotoxin 
(aBTX) mRNA-injected embryos (n = 40), tnnt2a morphants (n = 12), and agarose-encased 
embryos (n = 3) respectively. c,d, Comparison of frequency (c) and inter-spike interval coefficient 
of variation (ISI CV, d) as a function of time after the first beat. aBTX mRNA-injected replicates 
colored corresponding to (a). e, Time of onset for jGCaMP7f-expressing embryos (n = 40) and 
FR-GECO1c-expressing embryos (n = 6). f,g, Comparison of frequency (f) and ISI CV (g) for 
jGCaMP7f and FR-GECO1c-expressing embryos. h, Difference in time of onset as a function of 
distance between all pairwise combinations of embryos in the experiments in (a). There was 
negligible correlation (r = 0.04, -0.05, -0.18 for each replicate, respectively), confirming absence 
of chemical or mechanical coupling between embryos. i, Time of onset for embryos +/- CoChR 
expression and exposed to pulsed blue light for the optogenetic stimulus program in Fig. 4. j, 
Spontaneous beat rate was unchanged before vs. after optogenetic stimulation protocol. k, Method 
of extracting voltage signals from Tg(z20m:Voltron1-P2A-jGCaMP7f) heart primordia. l, 
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Probability distributions of Voltron1 -ΔF/F in background (blue) and jGCaMP7f principal 
component 1 (PC1, red) regions, before (top) and after (bottom) initiation of calcium transients. 
m, Skewness of Voltron1 -ΔF/F distribution before (silent) and after (active) initiation of calcium 
transients. Positive skewness indicates presence of upwards spikes. n, Pipeline for performing 
matched filter analysis (Methods). o, Peak matched filter signal-to-noise ratio. p, Gaussian kernel 
density estimate of candidate spike SNR distribution for background regions. q, Fraction of 
candidate spike events with SNR greater than the 95th percentile of p. Candidate spike events were 
identified by performing peak detection on the jGCaMP7f recordings. .a – h, Three replicates of 
jGCaMP7f and aBTX mRNA-injected embryos at n = 13, n = 9, n = 18 animals respectively, 
tnnt2a morpholino at n = 12 animals, agarose-encased embryos at n = 3 animals, 1 experiment. 
FR-GECO1c and aBTX mRNA-injected embryos at n = 6 animals. i – j, n = 6 control animals and 
n = 21 CoChR-expressing animals over 2 experiments. k–q, 18 recordings with detectable calcium 
transients, 22 recordings without, across 36 embryos in one experiment. m,o, 10408 traces from 
regions of interest. q, 597 putative spikes analyzed (377 in “active” recordings, 220 in “silent” 
recordings). Boxplots represent interquartile range (IQR; 25th, 50th, 75th percentile) with whiskers 
representing 1.5x IQR. Statistical test values: (i) U = 45, p = 0.26, Mann-Whitney-Wilcoxon two-
sided test; (j) linear regression y = 0.96x – 0.018, r = 0.959, p = 0, Wald Test; (m), (o), p = 0 in all 
comparisons shown, Mann-Whitney-Wilcoxon two-sided test with Benjamini-Hochberg 
correction. 

 

Extended Data Fig. 2: Calcium dynamics colocalize with genetic markers of developing 
cardiomyocytes. a, Tg(myl7:eGFP) expression in a 20 – 21 hpf embryo.  a’, Peak ΔF/F of 
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ubiquitously expressed FR-GECO1c during a spike-triggered average video (Methods).  a’’, 
Merge. Scale bars 50 µm.  b, Relationship between peak FR-GECO1c ΔF/F and myl7:eGFP 
intensity for tiled regions of interest (Methods). c, Relationship between peak jGCaMP7f ΔF/F 
and nkx2.5:ZsYellow intensity for tiled regions of interest. Same embryos as in Fig. 5a – d. b, c, 
dashed line indicates 50th percentile of fluorophor intensity. d, Distribution of LOI motion speed. 
e, Relative GFP intensity in Ca2+ active regions and LOIs, compared to image mean.  n  = 10 
embryos, 15 – 45 minutes post onset. f – f’, Example activation maps of ubiquitously expressed 
FR-GECO1c in Tg(myl7:eGFP) embryos. GFP in grayscale.  Scale bars 50 µm. g, Relative 
nkx2.5:ZsYellow intensity as a function of distance from the inner edge of the heart cone. A region 
approximately < 50 µm from the inner edge had stronger expression than more distal cells. h, 
Relative nkx2.5:ZsYellow intensity at the location of the 15 mpo LOI did not change between 15 
mpo and 105 mpo, suggesting stable nkx2.5 expression in this region. a, b, e, f, n = 10 embryos 
over one experiment, 15 – 45 minutes post onset. c, h, Data from Fig. 5a – d (n = 12 embryos, 3 
experiments). g, Data from Extended Data Fig. 4e – f. Boxplots represent interquartile range (IQR; 
25th, 50th, 75th percentile) with whiskers representing 1.5x IQR. Statistical test values: (e) mean vs. 
active, T = 0, p = 1.953e-3, **, mean vs. LOI T = 0, p = 1.953e-3, **; (h), T = 17, p = 0.32. Two-
sided Wilcoxon signed-rank test with Benjamini-Hochberg correction. 
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Extended Data Fig. 3: Spatiotemporal structure of the transition from silent to beating. a, 
Active area of single-cell (SC) transients (74 ± 32 µm2) was much lower than that of the first 
heartbeats (HB, 7000 ± 1400 µm2). b, Single-cell transients were longer lived (3.4 ± 2.1 s) than 
the first heartbeats (1.3 ± 0.2 s). FWHM: full-width half-maximum. c, Single-cell transients had a 
longer plateau phase than the first heartbeats, as quantified by the ratio of peak width at 25% (τ25) 
and 50% (τ50) of maximum height. d, Single-cell transients were rare (0.2 – 0.7 per minute) 
compared to the first heartbeats (1 – 9.5 per minute). a – d, Data from 19 single-cell transients and 
50 beats across n = 3 embryos over 3 experiments. e – e’’, Maximum intensity projection 
fluorescence images of 21-somite stage Tg(-36nkx2.5:ZsYellow; zACNE20:2xLyn-mCherry) heart 
cone (5/5 embryos over 1 experiment). e, nkx2.5:ZsYellow. e’, zACNE20:2xLyn-mCherry. e’’, 
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Merge. f, Cell area distribution. Mean area 82 µm2 (± 29 µm2 SD). n = 5 embryos, 254 cells, over 
1 experiment. Scale bars 50 µm. Mean ± SD for all values in caption. g, jGCaMP7f fluorescence 
starting from 2 minutes after the first heartbeat in embryos with spontaneous initiation in half the 
heart. The traces were averaged over the whole heart, so traces that engaged half the heart had 
approximately half the apparent amplitude of traces that engaged the whole heart.  h, Relative 
active areas of the traces in g compared to representative traces of embryos with full-tissue 
initiation. Area was averaged in a 2-minute sliding window.  i, Pearson correlation between 
fluorescence dynamics of individual pixels and the mean segmented heartbeat jGCaMP7f activity 
at different timepoints. The sharp boundary in the 9 minutes post onset (mpo) image is due to 
roughly half the heart being engaged in some but not all beats. Same experiments as in Figure 1. 
Scale bars 100 µm. j, Amplitude of the first detected calcium transient compared to maximum 
fluctuation from mean in the previous 2 minutes. k, Ratio of calcium transient amplitudes (ΔF/F) 
60 minutes post onset (mpo, 𝐴𝐴60) and 0 mpo (𝐴𝐴0). l, Ratio of transient widths (full-width half-
maximum) 60 minutes mpo (𝜏𝜏60) and 0 mpo (𝜏𝜏0). m, Amplitude of calcium transients as a function 
of time, aligned relative to first beat and normalized relative to initial beats. n, Active area of 
calcium transients as a function of time, aligned relative to first beat and normalized relative to 
initial beats (Methods). m,n,  Colored lines show representative single-embryo traces. Black line 
shows median. Shading and dashed lines show interquartile range. o, Calcium spike area increased 
from 13490 ± 7730 µm2 at 0 mpo to 15840 ± 6400 µm2 at 60 mpo.  j – o, n = 39 embryos across 
3 experiments, same individuals as Figures 1-2. Boxplots represent interquartile range (IQR; 25th, 
50th, 75th percentile) with whiskers representing 1.5x IQR. Statistical test values: (a) Two-sided 
Mann-Whitney-Wilcoxon test, p=6.5e-11, ****; (b) Two-sided Mann-Whitney-Wilcoxon test, 
p=1.3e-4, ***; (c) Two-sided Mann-Whitney-Wilcoxon test, p=0.015, *; (j) two-sided Wilcoxon 
signed-rank test, p = 1.23e-7, ****; (o) two-sided paired t-test, p = 5.4e-5, ****. 
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Extended Data Figure 4: Classification of the bifurcation class of heartbeat initiation. a, 
Mean frequency and b, inter-spike interval (ISI) coefficient of variation (CV) in simulated Morris-
Lecar oscillators as a function of input current I and noise σw.  Parameters given in Supplementary 
Table 2, were selected to drive each of the four types of co-dimension 1 bifurcation. c, Squared 
error (Supplementary Text) of experimental fits to each bifurcation at different values of 𝜎𝜎w. d, 
Spiking regimes across the SNIC bifurcation of the noisy quadratic integrate-and-fire (QIF) model 
(Supplementary Information Equation 2), shown by 𝜑̇𝜑 as a function of 𝜑𝜑. e, Simulated example 
traces for each spiking regime. 
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Extended Data Figure 5: A noisy quadratic integrate-and-fire model captures the 
experimental statistics of the first heartbeats. a, Simulated frequency and ISI CV for different 
values of noise σw. b, Example fits (top: frequency, bottom: ISI CV) of individual embryo data 
(blue) to simulation (black) with choices of σw which minimized squared error. c, Mean squared 
error of fits of simulated spike statistics to data as a function of σw (n = 39 embryos). d, Histograms 
of experimental and QIF-generated ISIs for the first 20 heartbeats, using different φreset values. 
Decreasing φreset modeled an increasing refractory period, and corrected the overrepresentation of 
short ISIs in the model relative to the data. e, Experimental autocorrelation of instantaneous 
frequency averaged over the first 50 heartbeats. f, Autocorrelation of instantaneous frequency in 
the QIF model with experimentally fitted σw and varying values of I. g, Autocorrelation of 
instantaneous frequency in the four bifurcation classes of the Morris-Lecar model, calculated using 
experimentally fitted σw and varying values of I. 
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Extended Data Figure 6: Expression patterns of zACNE20 and zACNE20-myl7 (z20m) 
promoters in the early heart. a-a”, Heart primordium in a 20-somite stage (ss) Tg(-
36nkx2.5:ZsYellow;zACNE20:2xLyn_mCherry) embryo (5/5 embryos). b-b”, Heart cone in a 22 
ss stage Tg(zACNE20:2xLyn_mCherry; zACNE20-myl7: FRGECO1c-P2A-CoChR-eGFP) 
embryo (6/6 embryos). c-c”, Heart primordium in an 18 – 19ss Tg(z20m:FRGECO1c-P2A-
CoChR-eGFP) embryo stained for myl7 using HCR-FISH (9/9 embryos). d-d”, Heart primordium 
in an 16 – 18ss Tg(z20m:FRGECO1c-P2A-CoChR-eGFP) embryo immunostained using MF20 
antibody (6/6 embryos over 3 experiments). a – d, All images are confocal maximum intensity 
projections. e, f, z20m produces stronger expression than zACNE20 at the same stage. Widefield 
images at 20-21 ss. g, example calcium recording and optogenetic stimulus in zACNE20-myl7: 
FRGECO1c-P2A-CoChR-eGFP at ~21 – 22 hpf (without additional mRNA). All scale bars 50 
μm. 
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Extended Data Figure 7: The L-type calcium channel is required for excitability and 
initiation of spontaneous activity. a, Automatic segmentation (Methods) located heartbeats in 
control embryos but not in embryos injected with the cacna1c morpholino. tnnt2a KD, n = 3 
embryos; cacna1c KD, n = 10 embryos. All embryos were injected with jGCaMP7f mRNA. Scale 
bar 500 µm. b, c, The heartbeats became faster and more regular after initiation in tnnt2a-MO 
embryos. Manually selected ROIs in the cacna1c morphants did not show spontaneous activity. d 
– d’’, Traces of jGCaMP7f fluorescence at 0, 30, 60, and 90 minutes after onset for embryos 
injected with morpholinos for d hcn4, d’ ncx1h, d’’ atp1a1a (Na+,K+-ATPase α-subunit). e, Time 
of onset for morphants. f, Mean frequency at 30 minutes post onset. g, Mean frequency at 60 
minutes post onset. h, Inter-spike interval coefficient of variation (ISI CV) at a mean frequency of 
0.1 Hz. ncx1h morphants were omitted in c – e because the plateaus prevented unambiguous 
determination of spike times. e – h, uninjected, n = 39 embryos; tnnt2a KD, n = 12 embryos; hcn4 
KD, n = 11 embryos; ncx1h KD, n = 10 embryos; atp1a1a KD, n = 12 embryos. Uninjected 
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samples collected over 3 experiments, other samples collected over 1 experiment each.  e – h, 
Boxplots represent interquartile range (IQR; 25th, 50th, 75th percentile) with whiskers representing 
1.5x IQR. i, Example traces of FR-GECO1c dynamics (red) with pulsed CoChR stimulus (blue) 
directed to the entire heart of individual embryos. j, Stimulus-triggered average of calcium activity 
in control (blue) and cacna1c morphants (orange, population mean ± SD). i, j, tnnt2a KD, n = 11 
embryos, cacna1c KD, n = 14 embryos.  All recordings acquired at 10 Hz. All embryos were 
zACNE20-myl7:FRGECO1c-P2A-CoChR-eGFP (+/-) injected with FR-GECO1c mRNA. 
Statistical test values: e – h, Mann-Whitney-Wilcoxon two-sided test with Benjamini-Hochberg 
correction. (e) uninjected vs. tnnt2a, p = 0.0775; uninjected vs. hcn4, p = 0.11; uninjected vs. 
atp1a1a, p = 1.23e-3; uninjected vs. ncx1h, p = 0.0847. (f) uninjected vs tnnt2a, p = 0.149; 
uninjected vs. hcn4, p = 0.228; uninjected vs. atp1a1a, p = 2.11e-5. (g) uninjected vs. tnnt2a, p = 
0.096; uninjected vs. hcn4, p = 0.256; uninjected vs. atp1a1a, p = 7.71e-7. (h) uninjected vs tnnt2a, 
p = 0.0158; uninjected vs. hcn4, p = 0.165; uninjected vs atp1a1a, p = 0.376. 
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Extended Data Fig. 8: Connexin-43 is expressed in the cardiac primordium before fusion. 
Tg(z20m:FRGECO1c-P2A-CoChR-eGFP) fish were immunostained for connexin-43 and 
sarcomeric myosin (MF20). Examples of triple-positive cells indicated by dotted circles on the 
bottom row. Top row: 4/4 embryos over 1 experiment. Middle and bottom rows: 6/6 embryos over 
3 experiments (same individuals as Extended Data Fig. _d). Cyan in overlay: nuclear staining by 
SYTOX Blue. Scale bars 50 μm (top and middle row), 25 μm (bottom row). 
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Extended Data Fig. 9: Optogenetic pacing induces overdrive suppression in the heart cone. 
a, Activation map of spontaneous activity (spike-triggered average, n = 9 spikes) in 
Tg(z20m:FRGECO1c-P2A-CoChR-eGFP) embryo. Purple circle indicates region to be stimulated 
in (b). b, Activation map of evoked activity (spike-triggered average, n = 19 spikes) in the same 
heart as (a). Scale bars 50 μm. c, Distance between spontaneous LOI and fixed “target region” 
after repeated pacing at different frequencies at the target region. d, Drift of the spontaneous LOI 
from its first recorded position was uncorrelated with repeated pacing.  e, A target region away 
from the spontaneous LOI was paced with period Tstim.  Heartbeat was characterized by Tspon = 
period of spontaneous activity in absence of stimulus, and Tresp = period of activity during periodic 
stimulus. CoChR activation only paced the heart (i.e. Tresp/Tstim

 ≈ 1) when Tstim < Tspon. At the 
highest stimulus frequencies, the heart showed a period doubling, i.e. Tresp/Tstim ≈ 2. f, Ratio of 
number of evoked spikes to number of total spikes (spontaneous + evoked) during the 30-second 
stimulus period. At a lower pacing interval, evoked spikes comprised a larger fraction of the total. 
“Evoked spikes” were defined as spikes which occurred within 200 ms of a pulse of blue light. (c 
– f) Each color represents one fish. g, Distance between the target region and the LOI of each 
individual spike grouped by timing and whether the spike was evoked. Evoked spikes had LOI 
significantly closer to target than any other category. Boxplot represents interquartile range (IQR; 
25th, 50th, 75th percentile) with whiskers representing 1.5x IQR. (c – g) Number of beats collected 
per category – “Pre”: 306; “During”: 309; “Stim”: 363; “Post”: 281. n = 6 embryos in one 
experiment. Statistical test values: Pre. vs Evoked, U = 9.2e4, p = 1.1e-47, ****; Post vs Evoked, 
U = 1.5e4, p = 2.3e-52, ****; Spon. vs Evoked, U = 8.6e4, p = 2.6e-33, ****. Mann-Whitney 
Wilcoxon two-sided test with Benjamini-Hochberg correction.  
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Extended Data Fig. 10: Robustness of wave geometry in heterogeneous coupled SNIC 
oscillators. (a) Schematic for chain of Morris-Lecar oscillators coupled by a current 𝐼𝐼𝑐𝑐 which 
depends on coupling strength D (left); and spatial distribution of I for different choices of 𝛥𝛥𝐼𝐼 and 
𝜎𝜎I,x (right). (b) Mean frequency (𝑓𝑓) and inter-spike interval coefficient of variation (ISI CV) for a 
chain of 25 oscillators with D = 0.5, and current gradient  𝛥𝛥𝛥𝛥 = 0.514. Simulation with 𝜎𝜎w = 0.618 
(compare qualitatively to experiments) marked with dashed black lines. c – e, Simulated wave 
properties as a function of 𝜎𝜎w and D. Here 𝐼𝐼 attained its highest value at normalized 𝑥𝑥 = 1.0. c, 
Normalized mean LOI position. d, Standard deviation of LOI position. e, Normalized wave area. 
Parameter choice for dashed line in (b) indicated with white “X”. f, Wave geometry as a function 
of 𝛥𝛥𝐼𝐼 and 𝜎𝜎I,x. Black line indicates the line 𝜎𝜎I,x = 0.5𝛥𝛥𝛥𝛥. For sufficiently large 𝛥𝛥𝐼𝐼, full-tissue wave 
propagation occurred with stable LOI at one end of the chain. In high variability, i.e. large 𝜎𝜎I,x, a 
stable LOI driving full-tissue waves (low position standard deviation, high normalized mean area) 
can appear at positions that are not the end of the chain. (e, f) ⟨𝐼𝐼⟩ = 4.68, 𝜎𝜎w = 0.03. 
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Supplementary Videos 

Supplementary Video 1 – Parallel measurements of heartbeat in 18 embryos.  Embryos 
expressed jGCaMP7f and fluorescence was recorded at 10 Hz. Recording at approximately 22 hpf. 
Raw jGCaMP7f intensity in grayscale. ΔF/F in green. Scale bar 500 μm. 

Supplementary Video 2 – Parallel all-optical electrophysiology in 15 embryos. Embryos 
expressed CoChR and FR-GECO1c ubiquitously and red fluorescence was recorded at 10 Hz. Blue 
light stimuli were targeted to hearts but are indicated as offset blue dots (bright when illuminated) 
for clarity. Recording at approximately 22 hpf.  Brightfield image in grayscale. Scale bar 500 μm. 

Supplementary Video 3 – Calcium dynamics before observable mechanical contractions. 
Brightfield (left) and jGCaMP7f (right) videos taken consecutively at 10 Hz (20 – 21 hpf). 
Playback at 2X speed. Scale bar 50 μm. 

Supplementary Video 4 – Calcium dynamics with mechanical contractions. Brightfield (left) 
and jGCaMP7f (right) videos taken consecutively at 10 Hz on the same embryo as Movie S3, 1 
hour later. Playback at 2X speed. Scale bar 50 μm. 

Supplementary Video 5 – The first heartbeat at cellular resolution. Two Tg(zACNE20:2x:Lyn-
mCherry) (red) embryos expressing jGCaMP7f (cyan) imaged at ~3 Hz. Videos are synchronized 
by the first detected heartbeat. Scale bar 50 μm. 

Supplementary Video 6 – Simultaneous calcium and voltage imaging in the zebrafish heart 
cone. Two Tg(zACNE20-myl7:Voltron1-P2A-jGCaMP7f) embryos at estimated 15 minutes and 
105 minutes after onset, imaged at 20 Hz, spike-triggered average. jGCaMP7f ΔF/F in green, 
Voltron1-JF608 ΔF/F in magenta. First principal component of jGCaMP7f ΔF/F in grayscale. 

Supplementary Video 7 – Calcium wave propagation evoked by targeted CoChR activation 
before spontaneous cardiac activity. Tg(z20m:FRGECO1c-P2A-CoChR-eGFP) embryo 
recorded at 50 Hz. CoChR-eGFP in grayscale. FR-GECO1c ΔF/F in red. Blue light stimulus in 
blue. Recording at approximately 19.5 hpf. Scale bar 50 μm. 

Supplementary Video 8 – Heart cone rotation and elongation. Tg(zACNE20:2xLyn-mCherry) 
embryo recorded every 10 minutes. Recording starts 21 – 22 hpf. Scale bar 25 μm. 

Supplementary Video 9 – Optogenetic hyperpolarization transiently perturbs calcium wave 
geometry and locus of initiation. Tg(-36nkx2.5:ZsYellow) embryo expressing gtACR2 and FR-
GECO1c. Two consecutive 50 Hz recordings with different targets for optogenetic silencing. 
ZsYellow in grayscale. FR-GECO1c ΔF/F in red. Blue light stimulus in blue. Recording at 
approximately 21 hpf. Baselines set separately for blue-illuminated intervals (separated by white 
frames). Scale bar 50 μm. 
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Supplementary Text 

Image analysis 

Supporting models 

Dynamical bifurcations arise throughout biology2–5. We studied bifurcations of excitable systems 
to explain the temporal statistics of heartbeat initiation and the onset of propagating waves. We 
used three models: A) the Morris-Lecar model6; B) the quadratic integrate-and-fire (QIF) model7; 
and C) a spatially extended system of diffusively coupled Morris-Lecar oscillators. These models 
demonstrate respectively: A) that the early heart rate and variability corresponds to a saddle-node 
on invariant-circle (SNIC) bifurcation; B) the explanatory power of qualitative bifurcation types 
irrespective of the specific model; and C) an explanation of full-tissue oscillatory dynamics with 
varying locus of initiation (LOI).  

(A) Comparison of spike distribution moments under different bifurcations using the Morris-Lecar 
model 

Given the modulation of a single system parameter (codimension-1), there are only four 
bifurcations by which a stable equilibrium can disappear, and four bifurcations by which a stable 
limit cycle can appear8. These are as follows. 

Stable equilibria can disappear or lose stability via: 

● Saddle-node bifurcation 
● Saddle-node on invariant circle (SNIC) bifurcation 
● Supercritical Hopf bifurcation 
● Subcritical Hopf bifurcation 

Stable limit cycles can appear or disappear via: 

● SNIC bifurcation (simultaneous with loss of stable equilibrium) 
● Supercritical Hopf bifurcation (simultaneous with loss of stable equilibrium) 
● Fold limit cycle bifurcation (often preceding a subcritical Hopf bifurcation) 
● Saddle homoclinic orbit bifurcation (often preceding a saddle-node bifurcation) 

The important properties of oscillatory dynamics which differ between these cases are the 
amplitude of oscillations, the ability to fire at arbitrarily low frequencies, and the presence of 
bistability of spiking and resting states (Supplementary Table 3). A detailed discussion can be 
found in refs. 8,9.  Bifurcation properties have been used to analyze the spiking properties of 
electrically excitable cells, including differing dependence of spike frequency of stimulus strength, 
observed experimentally by Hodgkin10. We sought to describe the spontaneous transition from 
excitable to spiking (as opposed to forced transition from a stable fixed point to a co-existing limit 
cycle), so we considered the bifurcations that describe loss of stability in equilibria. 

Supplementary Table 3: Summary of dynamical features under different codimension-1 
bifurcations. 
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 Saddle-
node 

SNIC Supercritical 
Hopf 

Subcritica
l Hopf 

Coexistence of stable equilibrium and limit 
cycle oscillations 

Yes No No Yes 

Subthreshold oscillations No No Yes Yes 
Firing at arbitrarily low frequencies No Yes Yes No 
Preferred firing (resonant) frequency Yes No Yes Yes 
Arbitrarily small spike amplitude No No Yes No 

 

 The Morris-Lecar (ML) model was originally developed to describe the contractions of the 
giant barnacle muscle fiber and achieves good correspondence to experimental data while only 
accounting for voltage-dependent calcium and potassium currents6. It has since been widely used 
to study the spiking dynamics of excitable cells. The ML model can display all codimension-1 
bifurcations in I, given appropriate choices of the other model parameters. The formulation we 
used is adapted from ref. 8: 

𝐶𝐶
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐼𝐼 − 𝑔𝑔𝐿𝐿(𝑉𝑉 − 𝐸𝐸𝐿𝐿) − 𝑔𝑔𝐶𝐶𝐶𝐶𝑚𝑚∞(𝑉𝑉)(𝑉𝑉 − 𝐸𝐸𝐶𝐶𝐶𝐶) − 𝑔𝑔𝐾𝐾𝑛𝑛(𝑉𝑉 − 𝐸𝐸𝐾𝐾) +  𝜎𝜎𝑤𝑤𝑑𝑑𝑊𝑊𝑡𝑡 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= (𝑛𝑛∞(𝑉𝑉) − 𝑛𝑛)/𝜏𝜏 

𝑗𝑗∞(𝑉𝑉) =
1

1 + 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑗𝑗ℎ − 𝑉𝑉
𝑘𝑘𝑗𝑗

�  
 

[1] 

Where 𝐶𝐶 is membrane capacitance, 𝑉𝑉 is membrane potential, 𝐼𝐼 is input current, and gi and Ei are 
conductances where 𝑖𝑖 is one of the leak (𝐿𝐿), calcium (𝐶𝐶𝐶𝐶), or potassium (𝐾𝐾) currents (note that 
these physiological labels are arbitrary and the model does not require specific potassium or 
calcium channels). 𝑚𝑚 and 𝑛𝑛 are the gating variables for calcium and potassium respectively, and 𝜏𝜏 
is the characteristic timescale of potassium gating. J∞, where 𝑗𝑗 ∈  {𝑚𝑚,𝑛𝑛}, describes the steady-
state gating function with a half-maximum at jh and a slope factor of kj. We assume that calcium 
gating dynamics are fast compared to potassium gating and voltage dynamics, and by timescale 
separation arrive at a two-variable system. An additional noise term is added to capture the 
stochastic behavior of the data: dWt is a Wiener process step and 𝜎𝜎w is its standard deviation11. 
When combined with the rest of the dynamics, this means that subthreshold trajectories approach 
an Ornstein-Uhlenbeck process when far from the spike threshold. 

To identify the bifurcation displayed by our experiments, we took the previously explored 
approach of comparing the spiking statistics to those generated by simulations12. We explored 
spiking dynamics under noisy forcing with physiologically realistic parameters which would 
generate each possible codimension-1 bifurcation in the absence of noise (Supplementary Table 2, 
ref. 3). We numerically solved these equations using Euler integration with 𝛥𝛥𝑡𝑡 = 0.002. As initial 
conditions we numerically solved for the fixed points of the system and added a small random 
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increment in V and n. In cases with more than one fixed point (saddle-node bifurcations), we chose 
an unstable one. We allowed the simulation to run until 𝑡𝑡 = 1000 to exclude transient dynamics 
before collecting spike statistics over the following time window of 𝑇𝑇 = 50 000. We plotted 
frequency 𝑓𝑓 and coefficient of variation (CV; 𝜆𝜆) for different values of I and 0.01 < 𝜎𝜎w < 300. 

To compare the experimental data to the simulations, we performed the following linear 
transformations: 

𝐼𝐼 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 

𝑓𝑓 = 𝑐𝑐𝑐𝑐(𝜏𝜏) 

𝜆̂𝜆 = 𝛬𝛬(𝜏𝜏) 

Where 𝜏𝜏 is the real time after onset of the heartbeat, 𝐹𝐹(𝜏𝜏) is the experimental beat frequency, 𝛬𝛬(𝜏𝜏)  
is the experimental ISI CV, and 𝑎𝑎, 𝑏𝑏, 𝑐𝑐 represent free parameters of time scaling, time offset, and 
frequency scaling respectively. Since 𝜆𝜆 is already a dimensionless quantity, it requires no scaling. 

For each value of 𝜎𝜎w, we jointly fit the mean and CV of experimental data for individual 
embryos to minimize the mean squared error of all observations τi over values of 𝑎𝑎, 𝑏𝑏, 𝑐𝑐:  

 

The functions 𝑓𝑓(𝐼𝐼) and 𝜆𝜆(𝐼𝐼) were obtained by linearly interpolating the simulated values. 𝜌𝜌 is an 
additional scaling factor that is set manually to enforce an equal weighting between individual 
residuals of 𝑓𝑓 and 𝜆𝜆 and to create comparable error sizes between models that generate different 
absolute frequencies. Experimental observations of frequency and CV at times τi were considered 
separately (τj and τk) to reflect the fact that a frequency of 0 contains information about the 
dynamics but does not have a defined CV. The individual residuals were normalized by the number 
of observations per moment to give equal weighting to the fits of CV and frequency. The fitting 
was performed using the AMPGO nonlinear optimization method9, with manually tuned inequality 
constraints on 𝑎𝑎, 𝑏𝑏, 𝑐𝑐.  

These models are highly simplified and almost certainly imperfect descriptions of the 
experimental observations. Furthermore, the functions for f and Λ have no closed form. Thus, it is 
challenging in any case to declare an adequate fit. We assigned equal error weightings to f and Λ 
but these could be changed to alter the relative quality of fit of the two experimental statistics. 

 The 𝑓𝑓 vs. 𝐼𝐼 and 𝜆𝜆 vs. 𝐼𝐼 curves showed large differences between the bifurcations13–15. Only 
the spike statistics in the SNIC bifurcation resembled the data, as shown above (Extended Data 
Fig. 7). Oscillators near all other bifurcations showed a comparatively rapid transition to a non-
zero frequency, followed by relative insensitivity of the frequency to I. In contrast, oscillation 
frequency near a SNIC bifurcation was dependent on a slow portion of the trajectory near the 
saddle-node point, and its residence time in this neighborhood was strongly dependent on 𝐼𝐼. Thus, 
the SNIC bifurcation can have arbitrarily low frequency. Furthermore, the other bifurcations 

𝜖𝜖2 =
𝜌𝜌
𝑀𝑀
� �𝑓𝑓�𝐼𝐼�𝜏𝜏𝑗𝑗 �;𝜎𝜎𝑤𝑤� − 𝑓𝑓�𝜏𝜏𝑗𝑗 ��

2
𝑀𝑀

𝜏𝜏𝑗𝑗=1

+
1
𝑁𝑁
� �𝜆𝜆�𝐼𝐼(𝜏𝜏𝑘𝑘);𝜎𝜎𝑤𝑤� − 𝜆̂𝜆(𝜏𝜏𝑘𝑘)�

2
𝑁𝑁

𝜏𝜏𝑘𝑘=1
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displayed 𝜆𝜆 ≫  1 near the bifurcation point16–18, which is consistent with bursting spikes, whereas 
bursts did not arise in our data beyond chance rates (Extended Data Fig. 9d,e). 

The SNIC bifurcation fit the data better than the other bifurcations for 1 < 𝜎𝜎w < 50 (Extended 
Data Fig. 7c). At the optimal value of 𝜎𝜎w = 22, the ε2 was 2- to 18-fold smaller in the SNIC 
bifurcation than in the other bifurcation classes and attained a minimum over all bifurcations and 
values of 𝜎𝜎w tested.  

(B) Noisy QIF model 

Noisy integrate and fire models have been widely analyzed to understand stochastic 
oscillations19,20. The differential equation we simulated is adapted from ref. 7:  

[2] 

 

where 𝜑𝜑 is the dynamic variable, I is an excitability parameter (“input current”), dWt is an 
increment of the Wiener process (uncorrelated noise sampled from a Gaussian distribution), and 
σw is the noise amplitude. Simulations and fitting were performed as in (A). In all simulations 
𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑒𝑒𝑡𝑡 = 0.  

Briefly, a qualitative description of the dynamics is as follows. If I < 0 and 𝜑𝜑 < √−𝐼𝐼 , 𝜑𝜑 
decays to resting value −√−𝐼𝐼 (Extended Data Fig. 8a). If I < 0 and 𝜑𝜑 > √−𝐼𝐼, or I > 0, 𝜑𝜑 approaches 
infinity in a finite time. Practically, once 𝜑𝜑 reaches a finite value 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚, it is set back to 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 
which we choose to be 0 (Extended Data Fig. 8b). Therefore, if I < 0, the system is asymptotically 
stable. If I > 0, sustained oscillations occur (Extended Data Fig. 8b). Strictly speaking, neither 
excitation nor limit cycles are possible in 1-dimensional systems, but the case-wise definition of 
the differential equation allows qualitatively similar behavior to be described. Specifically, the QIF 
model is a normal form of the SNIC bifurcation, meaning all equations undergoing a SNIC 
bifurcation can be transformed onto it through an appropriate change of variables, sufficiently 
close to the bifurcation point7. Consistent with this notion, the QIF model was able to qualitatively 
describe many of our observations. However, a model with more degrees of freedom would likely 
better fit the data, e.g. a biophysically realistic model accounting for experimentally measured ion 
channel conductances in the cell. 

 With 𝜎𝜎w > 0, spontaneous spiking can occur even when I < 0 (Extended Data Fig. 8c). This 
stretches out the increase in spike frequency 𝑓𝑓(𝐼𝐼;𝜎𝜎𝑤𝑤) as I is increased, and introduces a coefficient 
of variation (CV, 𝜆𝜆(𝐼𝐼;𝜎𝜎𝑤𝑤)) in the inter-spike intervals (ISIs) (Extended Data Fig. 9a)18. Given 𝜎𝜎w 
> 0, a “noisy but spontaneous” regime emerges. All three regimes (quiescent, noisy but 
spontaneous, and oscillatory) have clear qualitative correspondence to our data (Fig. 1f; Fig. 2 f, 
g). Quantitatively, ε2 was a function of 𝜎𝜎w with a global minimum, which also minimized the 
variation of ε2 across samples (Extended Data Fig. 9b – c). In addition to the first two statistical 
moments, the overall histogram of ISIs in the fitted model resembled the experimental distribution 
of the first twenty beats (σ = 1.89, I selected for each experimental trace from 𝐼𝐼 = 𝑎𝑎𝑎𝑎 + 𝑏𝑏 for τ 
corresponding to the median time post onset of the first 20 beats), but overrepresented the number 

𝑑𝑑𝜑𝜑
𝑑𝑑𝑑𝑑

= � 𝐼𝐼 +  𝜑𝜑2 + 𝜎𝜎𝑤𝑤𝑑𝑑𝑊𝑊𝑡𝑡 , 𝜑𝜑 < 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚
(𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 )𝛿𝛿(𝑡𝑡), 𝜑𝜑 = 𝜑𝜑max
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of short ISIs (Extended Data Fig. 9d). However, decreasing the value of 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, which corresponds 
to introduction of a refractory period, improved this aspect of the fit.  Furthermore, the QIF model 
and the SNIC bifurcating ML model both captured the experimental autocorrelation function of 
the instantaneous spike frequency, while the other models could not (Extended Data Fig. 9 e – g).  
This quantitatively confirms that there was minimal bursting in the initial heartbeats.  These facts 
together demonstrate that the SNIC bifurcation is a good description of the experimentally 
observed dynamics and statistics.  

(C) Formation of spatial structure in media of heterogeneous and noisy ML oscillators 

Our single-oscillator model showed that the increase in beat frequency during development 
could be recapitulated by an increase in the bifurcation parameter I. The mobility and overdrive 
suppression phenomena we observed in the spontaneous LOI, in addition to prior studies of 
dissociated embryonic cardiomyocytes, suggested that the underlying dynamics could be 
generated by a spatially extended system of locally coupled oscillators. The variation of positions 
and trajectories across embryos suggested that, in addition to the dynamic noise described in the 
single-oscillator model, there is spatial heterogeneity in system parameters.  The effects of 
spatiotemporal variability in coupled oscillator systems have been extensively studied21–26.  Given 
the tissue-scale organization we observed, we explored the conditions under which coupling could 
cause multiple oscillators with different natural frequencies to phase lock. 

To model a coupled medium of Morris-Lecar oscillators, we used the following equation: 

 

𝐶𝐶
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡�𝑉𝑉,𝑛𝑛;  𝜓𝜓�𝑥𝑥� + 𝐷𝐷𝐷𝐷2𝑉𝑉 

[3] 

Where 𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡(𝑉𝑉,𝑛𝑛;𝜓𝜓�𝑥𝑥) is the right-hand side of the first expression in [1] given all specified 
parameters 𝜓𝜓�𝑥𝑥 at position 𝑥𝑥, and 𝐷𝐷 = 𝑔𝑔𝑐𝑐𝐿𝐿2, where 𝑔𝑔𝑐𝑐 is the gap junction conductance and 𝐿𝐿 is the 
length of a cell. All other equations are as in [1]. In numerical simulations, we used a 1-dimensional 
chain of 25 oscillators (approximately the number of cells observed from one end of the heart cone 
to the other), with a linear spatial gradient in 𝐼𝐼 and all other parameters 𝜓𝜓�𝑥𝑥 identical in each 
oscillator (Supplementary Table 2). We detected spikes in each oscillator and identified 
propagating waves by grouping adjacent oscillators that fired within a specified interval of each 
other. 

 The anterior-left localization of the spontaneous LOI, and its mobility over time, suggested 
that the parameter I had both a variation across the heart, and likely some static noise.  If the cardiac 
progenitor cells were not electrically coupled to each other, this scenario would cause different 
cells to beat at different frequencies, something we did not observe.   

We imposed a spatial gradient of I along the 25-unit chain using the SNIC parameters for 
the ML model. The mean-field relationships between 𝐼𝐼 and frequency and ISI CV resembled those 
observed in the single-oscillator model (Extended Data Fig. 17a). To characterize the spatial 
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structure of the simulations, we quantified the mean and standard deviation of the wave origin 
position, as well as the mean number of oscillators recruited by each wave (Extended Data Fig. 
17b – d). A small spatial gradient of 𝛥𝛥𝐼𝐼 = 0.514 (compared to a rate of change  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
=

0.288 /ℎ predicted by the single-oscillator model) was sufficient to induce consistent wave 
propagation across the medium from the end with higher I. This was true for large ranges of 
coupling strength 𝐷𝐷 and noise strength σw, including values whose mean field statistics 
approximated the experimental data (Extended Data Fig. 17b–d). Furthermore, small random 
deviations from the linear spatial gradient of 𝐼𝐼 did not affect the position of the LOI or the extent 
of wave propagation (Extended Data Fig. 17f). Larger deviations caused the LOI to move away 
from the end of the chain, but full-area waves occurred nonetheless (Extended Data Fig. 17f). 

A plausible biological interpretation of these results is that a graded tissue-scale signal 
which promotes electrical maturation of the cardiomyocytes underlies 𝛥𝛥𝐼𝐼. Initially cells are 
relatively similar but have some intrinsic variability to their bioelectrical properties, resulting in a 
spatially variable LOI. The gradient sets a directional bias which grows over time, allowing the 
LOI to migrate to the anterior left as cells there increase their natural frequency. With sufficiently 
strong electrical coupling, the LOI can be maintained at one position on the short timescale (beat-
to-beat) due to overdrive suppression, even as heartbeats pass through the entire tissue. 
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