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SUMMARY

Animals reprioritize behavioral goals in response to internal physiological states. Using larval zebrafish, we 
investigated whether engagement with a visuomotor task, the optomotor response (OMR), is coupled to car-

diac dynamics. We discovered that threats lead to tachycardia that is synchronized with behavioral suppres-

sion. The change in heart rate is represented in the activity of specific neuronal populations. Severing the 
input to the sympathetic ganglia or ablating the vagus nerve revealed that the threat-related changes to 
behavioral state do not require interoceptive pathways. Direct tachycardic optopacing of the heart similarly 
suppressed the OMR response, but by reducing cardiac filling during diastole, thereby impacting oxygen de-

livery to the CNS. Optopacing also changed the activity of specific brain regions but in neurons distinct from 
those associated with threat-induced tachycardia. These cardiac function-associated central changes may 
have relevance to autonomic imbalances in anxiety, stress, and orthostatic disorders.

INTRODUCTION

Animals, including humans, couple their behaviors to physiolog-

ical dynamics as a way to ensure actions support the internal 

needs of the body. For the cardiovascular system, heart rate 

and stroke volume of each beat are adjusted to ensure adequate 

oxygen delivery for central nervous system function and motor 

behaviors. This is accomplished via interoception 1 for chemicals 

and vascular stretch, sending afferent information via the vagus 

and glossopharyngeal nerves to brainstem neurons in the area 

postrema and the nucleus tractus solitarius. 2 These afferent sig-

nals guide motor output through the sympathetic and parasym-

pathetic nerves to adjust heart rate, stroke volume, and vascular 

tone. Superimposed on this reflex arc is information from higher 

brain centers that helps to coordinate an integrated output. 

These physiological changes to threat responses are often asso-

ciated with changes in brain function, for example, a sense of 

anxiety.

This synchrony of behavior, physiological function, and 

emotional state, has raised the possibility that physiological 

changes may cause alterations in emotional state, the so-called 

James-Lange model. 3 Indeed, it is known that various types of 

dysautonomia are associated with cognitive dysfunction, such 

as ‘‘brain fog’’ of unknown etiology, and direct perturbation of 

cardiac dynamics by optogenetics in mice can cause an anxi-

ety-like state. 4 These observations suggest that alterations in 

cardiac function may change behaviors. However, whether this 

manipulation recapitulates the interoceptive representations

generated during natural periods of tachycardia or is its own 

unique stimulus is still unclear.

Resolving this question requires combining visceral 

recording or manipulation in task-performing animals while 

monitoring the neural representations of internal states. Here, 

we use the larval zebrafish to address this challenge. In 

behaving fish, we can employ non-invasive, entirely optical 

methods to quantify visceral dynamics, behavior, and to 

monitor and manipulate the activity of neurons in the peripheral 

ganglia and central nervous systems. Although some high-or-

der forebrain areas like the insular cortex are ill-defined in tele-

osts, even the developing larva possesses most of the key ele-

ments of the interoceptive network, including the bidirectional 

sympathetic and vagal paths of the autonomic nervous sys-

tem, 5–7 suggesting that principles found in this model may 

translate across vertebrates. 8,9

We focused on exploring how changes in cardiovascular 

physiology are integrated with the optomotor response (OMR), 

a robust behavior where the fish turns to follow whole field mo-

tion stimuli. Recently, we have shown that larvae can transition 

between states of engagement and disengagement with the 

OMR 10 but it is unknown what cues might trigger or represent 

these states. Further, the circuitry governing the optomotor 

response is well studied from sensory input to motor output. 11–19 

Thus, by identifying how visceral activity is coordinated with this 

well-characterized neural transformation, we hope to open the 

door for further mechanistic dissections of the cells and circuits 

that unite body and behavior.
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RESULTS

Zebrafish alter cardiodynamics following threats

To test whether larval zebrafish couple cardiodynamics and 

behavioral state, we first aimed to establish a paradigm for elic-

iting robust changes in heart rate while monitoring tail motion. 

We modified a previously described preparation 20 for tail 

tracking and stimulating unanesthetized larvae immobilized in 

agarose to capture heart and tail motion through a single camera 

placed below the animal (Figure 1A). From this preparation, we 

visualize heartbeats as fluctuating luminances, or optical den-

sities, enabling the extraction of the heart rate. From this infor-

mation, we can also estimate relative stroke volume dynamics 

during each heartbeat (Figure S2), which are slightly anti-corre-

lated with heart rate (Figures S2B and S2C).

In selecting stimuli, we reasoned that cues leading to high-en-

ergy behaviors might modulate internal state and heart rate. 21

Figure 1. OMR rate is attenuated during 

tachycardia

(A) Schematic cartoon of experimental rig for 

recording tail and heart activity moving gratings 

(optometer response [OMR]) and salt-pulses via 

the odor delivery pencil.

(B) Example data collected from the tail (blue) 

during threat versus during OMR trials. During salt 

pulses, the fish tail responds with more rigorous 

(high cumulative tail angle) swims, aka ‘‘strug-

gles,’’ compared to the routine swims during the 

OMR trials. Inset from OMR trial shows tail de-

flections during the swim.

(C) Sample experiment where heart-rate is re-

corded (red) while observing the fish’s tail (blue) 

respond (solid lines) or not (dashed lines) to 

optomotor trials interspersed with salt pulses 

(orange).

(D) Probability of detecting a swim during an OMR 

trial as a function of time since the most recent salt 

pulse (n = 17, p = 0.0004, paired t test). Error bars 

are SEM.

(E) Probability to respond to OMR during an 8-s 

whole-field motion trial as a function of heart rate 

immediately preceding the trial. Light gray lines 

indicate individual fish (n = 17). Error bars are SEM.

(F) Among trials where the fish swims, response 

time or latency is plotted as a function of heart 

rate. Light gray lines indicate individual fish 

(n = 17). Error bars are SEM.

(G) Schematic illustrating two alternative neural 

pathways, a central pathway or an interoceptive 

pathway that could synchronize tachycardia and 

OMR suppression.

Thus, we tested two stimuli, a visual 

‘‘dark flash’’ and a chemical ‘‘salt pulse’’ 

that elicit struggles in head-embedded 

larvae 20,22 (Figure S1A). We find that 

while larvae are inactive during interstim-

ulus periods, they often perform strug-

gles, defined by high velocity bidirec-

tional changes in the tail’s curvature, 

within seconds of the onset of either cue 

(Figures S1B–S1D). These struggles are accompanied by an in-

crease in heart rate, which otherwise is stable during the inter-

stimulus periods. The cardiac response sometimes begins with 

a brief bradycardia, which is followed by a persistent tachycardia 

that builds over 15 to 20 s before decaying back to baseline after 

at least a minute (Figures S1B–S1D). When threats fail to induce 

a struggle, no cardiac modulation occurs (Figures S1E and S1F). 

By contrast, spontaneous struggles are followed by a tachy-

cardia state (Figure S1G), and 95% of all tachycardia events 

begin within 10 s of a struggle (Figure S1H), suggesting that 

the observed tachycardia is coupled to high-energy locomotor 

output rather than the tested stimuli.

Zebrafish larvae are less responsive to whole-field 

motion (OMR) during tachycardia

We explored whether threat-related changes in heart rate are 

associated with changes in the OMR, in which the fish is shown
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a pattern of moving stripes and responds by turning its tail in the 

direction of movement. We compared the number of times the 

fish performed the OMR depending on heart rate (Figures 1B 

and 1C). We found that threat-induced (Figures 1D and 1E) as 

well as spontaneous tachycardia (Figure S1H) is associated 

with a marked decrease in responsive OMR trials. Among 

OMR trials, when the larvae did respond, tachycardia was also 

associated with a longer response latency (Figure 1F). During 

these trials, the probability of turning with the direction of the 

moving stripes is independent of heart rate, indicating that they 

are still engaging with the stimulus (Figure S1I). In addition to 

changes in the OMR, the response rate to dark flashes is lower 

at higher heart rates (Figure S1J). These data indicate that, 

following a struggle, a brain state with suppressed motor re-

sponses is synchronized with the tachycardia (Figure 1G).

Distributed neural populations in the brain reflect heart 

rate

The presence of a coupled cardiac-behavioral state indicates 

that there should be activity in the brain that fluctuates alongside 

heart rate. To identify these regions, we used two-photon imag-

ing of calcium activity of larvae being exposed to tachycardia-

generating threats (Figure 2B). In particular, using tg(vGlut2a:ga-

l4;uas:GCaMP6S) 23 fish, we imaged the activity of glutamatergic 

neurons across the brain, which we registered to the Z-brain 

atlas 24 in order to map the activity to specific brain regions 

(Figures 2B and S4). We observed cells in specific regions whose 

activity is either strongly correlated or strongly anti-correlated 

with heart rate (Figure 2B). During tachycardia, more regions, 

including parts of the pallium, thalamus, habenula, and inferior 

olive, have suppressed neural activity (Figure 2C). Most promi-

nent is a thalamic structure ‘‘mesencephalic-vGlut-cluster 1’’ 

that has been thought homologous to the Edinger-Westphal nu-

cleus that regulates response latencies and arousal states. 21 

Among the areas with increased activity during tachycardia are 

the habenula, pineal gland, and the area postrema.

Sympathetic manipulation suggests that threat 

independently affects cardiac and behavioral states

Are these behavioral and neural states downstream of the 

visceral dynamics, as speculated in the James-Lange model, 

or are they downstream of shared central control (Figure 1G)? 

Central mediation of threat-induced tachycardia is likely via sym-

pathetic activation. We confirmed this by calcium imaging in 

transgenic fish that express a calcium indicator in noradrenergic 

(and dopaminergic) neurons (tg(Th1:gal4; UAS:GCaMP6f)) 25 

(Figures 3A and 3B). These experiments revealed that across 

both bilateral pairs of sympathetic ganglia, nearly every sympa-

thetic neuron imaged has dynamics that are highly correlated 

(>0.5) with heart rate across the entire imaging session, whether 

at rest or under threat (Figures 3C and 3D). The brief post-threat 

bradycardia, however, is absent from sympathetic dynamics and 

instead corresponds to transient activation of a subset of heart-

rate-encoding cholinergic 26 vagal motor neurons (Figure S5). 

Given the brevity of this bradycardia, we focused on subsequent 

manipulations on sympathetic signaling.

If the tachycardia, per se, was responsible for OMR suppres-

sion, then direct sympathetic activation should drive both tachy-

cardia and OMR suppression. To test this, we optogenetically 

excited the noradrenergic neurons of transgenic fish expressing 

the channelrhodopsin variant from Chloromonas oogama 

(CoChR) in cells that produce dopamine-β-hydroxylase, a 

norepinephrine precursor (Figure 3E). At baseline, these fish 

behave similarly to controls (Figures S6A and S6B). We observed 

that brief illumination from a blue LED induced a persistent (90 s) 

tachycardia in CoChR-expressing fish (Figure 3F), without 

inducing struggles (Figure S6C). During this optogenetically 

induced tachycardia, the larvae’s likelihood to perform the 

OMR is significantly reduced (Figure 3G) but not for control fish 

exposed to blue light. Across control and CoChR-expressing 

fish, heart rate and the OMR occupy the same overall relation-

ship (Figures S6D and S6E), suggesting a contribution of sympa-

thetic-induced tachycardia to OMR suppression. However, we 

cannot sufficiently spatially constrain the region activated by 

blue light to rule out co-activation of hindbrain noradrenergic 

centers alongside the sympathetic ganglia. 18

We next wanted to test whether blocking the subset of norad-

renergic receptors that mediate heart rate increases is also suffi-

cient to reduce engagement with the OMR. Blocking β-adrenergic 

receptor activation with propranolol (Figure S6F) leads to a 55% 

reduction in the average baseline heart rate (Figure S6G), accom-

panied by a 40% increase in baseline OMR probability (Figure 

S6H). Stressors continue to generate struggles but the subse-

quent tachycardia is blunted by 40% (Figure S6I), while behavioral 

suppression is attenuated (Figure S6J). Meanwhile, the residual 

variation in heart rate is still predictive of OMR probability and la-

tency (Figures S6J and S6K). Interestingly, neuronal activity in the 

sympathetic ganglia following a struggle is, itself, reduced by pro-

pranolol (Figure S6L), indicating that the drug also acts on circuits 

upstream of the sympathetic ganglia.

These sets of experiments suggest that both tachycardia and 

behavioral states are modulated by noradrenergic signaling. 

However, neither manipulation distinguishes whether both car-

diac and behavioral changes follow the peripheral action of the 

sympathetic ganglia or via separate noradrenergic populations. 

To pinpoint the effects of the peripheral sympathetic ganglia, 

we used a two-photon laser to sever the cholinergic pregangli-

onic input from the spinal cord to the sympathetic ganglia 

(Figure 3H). Following this manipulation, baseline heart rate 

and OMR were unaffected (Figures S9A and S9B) as was the 

propensity to struggle during threats (Figure S9C). However, 

the zebrafish no longer increased their heart rate following a 

threat (Figure 3I). Despite the absence of tachycardia, OMR 

responsiveness still dramatically drops following a threat and re-

covers back to baseline with similar dynamics as sham ablations 

(Figures 3J and 3K). These results indicate that heart rate 

changes are not necessary for the reduction in OMR. Instead, 

the simplest explanation is that heart rate and OMR are regulated 

in parallel, presumably from higher-order CNS neurons.

If coordination of heart rate and OMR occurs through ‘‘top-

down’’ orchestration by the brain, then removal of ‘‘bottom-

up’’ signals from the body should not affect the correlation. To 

test this prediction, we used a two-photon laser to sever both 

the left and right vagus nerve dorsal to the nodose ganglia 

(Figure 4A). We saw no difference between ablated fish and con-

trols in how engagement with the OMR correlates with heart rate
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Figure 2. Cardiac state is encoded in neural dynamics across distributed brain regions

(A) Schematic cartoon of experimental rig for imaging the brain, tail, and heart, while also presenting dark flashes (via the red LED) and salt-pulses via the odor 

delivery pencil.

(B) Brain-wide maps of all recorded neurons across tg(vglut2a:gal4;uas:GCaMP6S) fish registered to the Z-brain atlas, heart-rate-correlated neurons, as well as 

behavior, salt, and dark flash correlated neurons (scale bar 250 μm).

(C) Fraction of significant heart rate correlated (blue, right) and anti-correlated (red, left) cells in every Z-brain demarcated mask. Labeled masks are those 

containing the highest fraction of heart-rate encoding cells (>5% of cells are either correlated (r > 0.3) or anti-correlated (r < − 0.3). Error bars indicate 95% 

confidence interval.

(D) Sample heart rate and calcium activity traces from representative cells in the area postrema, habenula, hypothalamus, mesencephalic-vGlut-cluster 1, and 

subpallium.

(E) Struggle-triggered average of heart rate and calcium dynamics from heart-rate correlated cells in the areas indicated in (D).

(F) Anatomical location in (B) of the regions depicted in (D and E). Scale bars, 250 μm.
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Figure 3. Noradrenergic signaling encodes and regulates cardio-behavioral state

(A) Projection of confocal stack of tg(th1:gal4;uas:GCaMP6f) fish imaged from the side. A dashed circle indicates the eye. Scale bars, 150 μm.

(B) Dorsal view of a two-photon image of the sympathetic ganglia anatomy (left) and correlation score with heart rate for each cell’s calcium signal overlaid on top 

(right) and indicated by color. Scale bars, 30 μm.

(C) Heart rate and calcium traces from (B) sorted by correlation score.

(D) Correlation of all sympathetic neurons in the anterior (left) and posterior (right) ganglia to the recorded heart rate (red) and circularly permuted heart rate signal 

(gray).

(E) Sample experiment recording heart rate and OMR performance while optogenetically activating noradrenergic neurons (blue bars at top) in a tg(DβH:ga-

l4;uas:CoChR-eGFP fish) (top) and an eGFP(− ) sibling control fish (bottom).

(F) Heart rate change elicited by blue light exposure to tg(DβH:gal4;uas:CoChR-eGFP) fish (blue, p = 0.00011, paired t test, n = 10) and an eGFP(− ) sibling control 

fish (gray, p = 0.5837, paired t test, n = 11). Shaded indicates SEM.

(legend continued on next page)
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(Figures 4B–4E). Furthermore, we tested the removal of the area 

postrema, which, as a circumventricular organ, can act as an 

interoceptor, 27,28 but again saw no impact on the synchroniza-

tion between heart rate and behavioral state (Figure S8). These 

results indicate that cardiac changes are not necessary to 

generate correlated behavioral states but do not rule out a po-

tential causal role. Thus, we next sought to examine whether 

direct manipulation of cardiodynamics is sufficient to change 

the behavioral state of the animal.

Direct manipulation of cardiodynamics impacts the 

OMR through modulation of cardiac filling

To control cardiac rhythm directly, we employed optopacing, a 

technique previously demonstrated in zebrafish 29,30 and mice. 4 

We expressed CoChR in cardiomyocytes (myl7) and used timed 

illumination to pace the heart at defined frequencies (Figures 4B 

and 4C). We selected two target heart rates—2 (Figure 4D) and 

2.5 Hz (Figure 4E)—which resemble baseline and threat-evoked 

tachycardia, respectively. Control larvae exposed to this light 

stimulation show no behavioral effects (Figure 4F). By contrast, 

in fish expressing CoChR, this pacing has strong effects on their 

behavior. In fact, even pacing at 2 Hz diminished the OMR 

response, while increasing the rate of stimulation suppressed it 

further (Figure 4G).

The reduction in OMR by optogenetic stimulation at baseline 

rates suggests that the optogenetic technique might have non-

chronotropic cardiovascular effects. For example, optopacing 

may reduce the volume ejected with each beat (stroke volume) 

compared to normal beats. We inferred relative stroke volume 

from optical density changes and observed that, compared to 

the unpaced heart, the ventricle of the paced heart fills less during 

diastole (Figures S9A–S9C). This was true at both 2 and 2.5 Hz, 

and the magnitude (10%–20%) was notably higher than seen 

following a threat (∼5%, Figure S1D). By changing the duration 

of the LED pulse, we could test the effects of the ratio of time spent 

in diastole to systole, where less time spent in diastole means less 

filling time for the ventricle, and a lower output in the next beat. We 

found that even at the same heart rate (2 Hz), a decreased diastole 

time leads to reduced OMR rate (Figures S9F and S9G), suggest-

ing that decreases in stroke volume during pacing are largely 

responsible for suppressing the OMR.

Reduction in blood flow to the brain diminishes oxygen deliv-

ery and neural function. Therefore, we tested the effects of 

providing supplemental (70%) oxygen and found that this 

reduced the pacing-induced diminution in OMR (Figure 4H). By 

contrast, the threat-induced reduction of OMR persists in hyper-

oxia (Figure 4I). Thus, we conclude that the mechanisms that 

drive behavioral suppression during optopacing are distinct 

from those accompanying tachycardia associated with threat 

and are more related to impaired oxygen delivery to the brain.

Natural tachycardia and optical pacing have distinct 

effects on interoceptive populations

The different physiological mechanisms by which optopacing 

and environmental threats suppress the OMR suggest that their 

sensory representations are different. To test this supposition, 

we imaged neuronal activity in putative interoceptive regions, 

the vagal ganglia, and area postrema, using tg(vGlut2a:ga-

l4;UAS:GCaMP6s) 23 fish. In the vagal ganglia (Figure 5A), we 

found primary sensory neurons across the different sensory 

ganglia with dynamics that correlate with heart rate (Figures 5B 

and 5C), as previously described. 31 However, with optopacing, 

these neurons did not respond (Figures 5D and 5E), indicating 

that the two forms of tachycardia are registered differently in 

the primary sensory neurons.

We also examined the area postrema, a circumventricular or-

gan that may act as an interoceptor monitoring factors corre-

lated with hemodynamics 27,28 and is the region we found to 

have the highest frequency of neurons positively correlated 

with heart rate in response to threat (Figure 2C). 27,28 We found 

that both modes of inducing tachycardia altered area pos-

trema activity but in different populations of neurons (Figures 

5F–5H). These data further support the notion that optopacing 

has a distinct sensory representation from the threat-related 

tachycardia.

DISCUSSION

This study set out to understand how animals coordinate their 

behavioral states with internal physiological dynamics. We 

focused on the linkage between cardiovascular dynamics and 

a specific visuomotor task, the OMR, and found that as heart 

rate increases, the OMR engagement decreases. The mecha-

nism of the linkage, however, is different depending on how 

the tachycardia arises. Specifically, during threat, changes in 

heart rate can be dissociated from those in OMR, suggesting 

central parallel control of both. Optogenetic pacing, on the other 

hand, impairs cardiac output, which then contributes to behav-

ioral suppression.

We found that direct optopacing of cardiomyocytes in the 

heart 4,29,32 reduces the OMR rate. However, this perturbation 

has a secondary hemodynamic effect, in which optically paced 

beats have reduced stroke volumes. We believe the pacing ef-

fect arises primarily from this impaired blood flow, as the effect 

of optopacing can be abrogated with hyperoxia. This effect par-

allels the sudden drops in blood pressure recorded during anx-

iogenic optopacing experiments in mice 4 and is reminiscent of 

the so-called ‘‘pacemaker syndrome’’ noted with ventricular-

alone pacing in humans. 33 In such patients, the abnormal site 

of beat initiation from the ventricle rather than the sino-atrial 

node leads to reduced stroke volume, sometimes with

(G) Change in OMR rate between the 90 s before and 90 s after blue light exposure for tg(DβH:gal4;uas:CoChR-eGFP) fish (blue, p = 0.002, paired two-sided rank 

test, n = 10) and eGFP(− ) sibling control fish (gray, p = 0.4667, paired two-sided rank test, n = 11). Lighter lines indicate individual fish. Error bars are SEM.

(H) Anatomy of cholinergic preganglionic nerves in the medial-ventral spinal cord before (top) and after (bottom) unilateral two-photon ablation. Scale bars, 

150 μm.

(I) Change in heart rate after a salt pulse for neurons with sham (black) and preganglionic (red) ablations.

(J) OMR probability as a function of time since threat after sham (black) and preganglionic ablations (red). Error bars are SEM.

(K) Change in OMR probability before and after threat for fish with sham and preganglionic ablations (p = 0.0301 and p = 0.004, t test). Error bars are SEM.
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accompanying confusion or other changes in brain state. 34–36 

However, it is still unclear how the hemodynamic effects of opto-

pacing alter the OMR. This may involve neurons, potentially in 

the area postrema, that are intrinsically sensitive to hemody-

namic changes or non-neuronal cell types, such as endothelial 37 

or glial cells 18 that detect and then relay this information to neu-

rons. These cells may be responding to pulsatility, oxygen levels, 

or other factors that accumulate under low flow conditions, such 

as lactic acid or carbon dioxide.

The changes in motor behaviors alongside heart rate are sur-

rogates for an altered brain state. The several mechanisms of this 

coupling are of interest as potential underpinnings of disorders

... (90 s) ...

A

2s

heart beats opto-pacing

1

2

3

H
ea

rt 
R

at
e controlmyl7:gal4;uas:CoChR (+)

heart rate

tail

target 
pacing rate

1

2

3

H
ea

rt 
R

at
e

B

***

CoChR
(+)

-60 0 60 120 180
Time since 

pacing start (s)

1.5

2

2.5

3

H
ea

rt 
R

at
e

Pre

Pac
ing Pre

Pac
ing

1.5

2

2.5

3

H
ea

rt 
R

at
e

n.s.

control2.5 Hz PacingD

-60 0 60 120
Time since 

pacing start (s)

1.5

2

2.5

3

H
ea

rt 
R

at
e

1.5

2

2.5

3

H
ea

rt 
R

at
e

Pre

Pac
ing Pre

Pac
ing

n.s.

control

n.s.

CoChR
(+)

2 Hz PacingC

E

omr trial with 
swim response

omr trial with 
no swim 

omr trial with 
swim response

H

2 2.5 3 3.5

Heart Rate (Hz)

0

0.25

0.5

0.75

1

O
M

R
 p

ro
ba

bi
lit

y

70% O218% O2

Off
2 H

z

2.5
 H

z

LED pulse rate

0

0.25

0.5

0.75

1
*** 

CoChR
(+)

70% O2

Off
2 H

z

2.5
 H

z

LED pulse rate

0

0.25

0.5

0.75

1
n.s.n.s.

CoChR
(+)

Off
2 H

z

2.5
 H

z

LED pulse rate

0

0.25

0.5

0.75

1

O
M

R
 p

ro
ba

bi
lit

y

n.s.n.s.

control Threat-related tahcycardia

F G

Figure 4. Optical pacing of heart rate suppresses OMR through oxygen-dependent mechanisms

(A) Heart beats 5 s before, during pacing (blue bars indicate where the blue light is on), and 5 s after pacing stops.

(B) Sample experiment recording heart rate while optogenetically pacing the heart to different target rates (2 or 2.5 Hz, blue line) in a tg(myl7:CoChR-tdTomato) 

fish (left) and a tdTomato sibling control fish (right).

(C) Left: average time course of heart rate centered on the onset of 2 Hz pacing for tg(myl7:CoChR-tdTomato) fish (blue) and tdTomato(− ) sibling control fish 

(gray). The shaded area indicates SEM. Right: average heart rate before and during pacing for the same groups (blue: p = 0.0003; gray: p = 0.977, paired t test).

(D) Same as (C) but for 2.5 Hz pacing (blue: p = 0.0726; gray: p = 0.2102, paired t test).

(E) Relationship between optical pacing and probability to perform OMR in tdTomato(− ) sibling controls (gray, n = 5, p = 0.3712 and p = 0.9762, paired t test) in 

normal oxygen conditions (18% O 2 ). Lighter lines indicate individual fish. Error bars are SEM.

(F) Relationship between optical pacing and probability to perform OMR in myl7:CoChR-tdTomato fish (blue, n = 10, p = 0.0182 and p = 0.0030, paired t test) in 

normal oxygen conditions (18% O 2 ). Lighter lines indicate individual fish. Error bars are SEM.

(G) Same as (F) but in hyperoxic conditions (70% O 2 ).

(H) Relationship between heart rate and OMR during threat-related tachycardia in hyperoxic conditions (70% O 2). Light lines indicate individual fish. Error bars are

SEM.
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Figure 5. Interoceptive populations respond differently to threat-related tachycardia compared to optopaced changes in heart rate

(A) Projection of confocal stack of vGlut2a:gal4;uas:GCaMP6s fish imaged from the side. The eye is indicated by a dashed circle. Scale bars, 150 μm.

(B) Sample heart rate, behavior, and calcium activity traces recorded from heart rate correlated (top) and anti-correlated (bottom) cells from the epibrachial 

ganglia.

(C) Median number of heart rate correlated (r > 0.3, blue) and anti-correlated (r < − 0.3, red) cells found in each ganglion (nodose, 3 epibrachial, and petrosal) 

across 8 fish. Error bars indicate 95% confidence intervals (1,000 bootstraps).

(D) Heart rate and calcium recordings from an experiment combining optopacing and calcium imaging in the nodose showing cells that are correlated with heart 

rate during ‘‘natural tachycardia’’ epoch and the responses of those cells during the 15 min optopacing period of 60 s of pacing separated by 120 s of rest.

(E) Violin plots of the activity of ‘‘natural heart-rate’’ correlated neurons following presentation of salt pulse (orange), 2 Hz pacing (dark blue), and 2.5 Hz pacing 

(light blue) for myl7:CoChR-tdTomato fish (left, n = 4 fish) and tdTomato(− ) sibling controls (right, n = 2 fish).

(legend continued on next page)
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marked by both autonomic dysfunction and cognitive disorders. 

Long COVID-19 and other post-viral infections often include 

problems with heart rate control (e.g., postural orthostatic tachy-

cardia syndrome [POTS]) along with ‘‘brain fog.’’ The mecha-

nisms are not known, but in POTS, for example, the poor control 

of orthostatic blood pressure in some cases appears to be asso-

ciated with centrally driven hyperadrenergic drive and others 

with reduced brain blood flow, analogous to the distinct causes 

for tachycardia-induced changes we have uncovered here. 38

Limitations of the study

Clearly, there is a central contribution to threat-induced OMR 

changes and a diastolic filling component to the optomotor 

changes. We cannot rule out definitively that heart rate, per se, 

ever has a regulatory role. This might emerge or be easier to 

define in older embryos when the heart is more heavily inner-

vated by afferent neurons. At this point, it also remains unclear 

what upstream threat-induced signal is used by the animal to 

drive the reduction in OMR. One possibility is noradrenergic 

signaling through astrocytes, which in zebrafish is known to 

trigger a passive, OMR-inattentive state. 18,39,40 Additionally, 

we find populations of heart rate anti-correlated neurons across 

the preoptic area of the hypothalamus and Edinger-Westphal 

nucleus, which are important for managing arousal, 21,41 energy 

homeostasis, 42,43 and the habenula, which, through its projec-

tions to the interpeduncular nucleus 44 and raphe, 45,46 is a critical 

hub for managing behavioral selection in fish and mammals. 47–49 

Deciphering how these distributed neural populations interact 

will become feasible as connectomics efforts in the zebrafish 

reveal comprehensive wiring diagrams of the zebrafish 

brain. 50–53
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal husbandry

All live animal experiments were performed according to protocols approved by Harvard University Institutional Animal Care and Use 

Committee (IACUC). For all transgenic fish used, crosses were made between adults that were heterozygous carriers of a mitfa (±) 

mutation that generates the nacre phenotype. 55 For all experiments, mitfa (− /− ) null mutations were screened for and utilized. Larvae 

were housed in an incubator at 28 ◦ C with a 14/10 h day/night cycle until 5 days post fertilization (dpf) in filtered facility water). The 

water in dishes containing embryos was exchanged daily. After 5 dpf, larvae were fed fresh paramecia daily. All experiments 

were performed on larvae between 5 and 7 dpf. A list of transgenic lines used is provided in the key resources table.

METHOD DETAILS

Transgenic line generation

The tg(myl7:CoChR-tdTomato) line was generated using the tol2 transposase (cite) method. Briefly, gateway cloning (cite) was used 

to combine a p5e vector containing the 3kb myl7 promoter, a pMe containing CoChR-tdTomato 56 and a p3e containing a poly-A tail. 

This plasmid was injected into the single-cell staged embryos of tg(vGlut:gal4;uas:GCaMP6S) parents. Embryos were screened for 

tdTomato expression and propagated.

Heart rate and behavior acquisition

For all behavior and imaging experiments, larvae were embedded in 2% low melting point agarose on 50 mm petri dishes. Following 

embedding, the fish and agarose were submerged in filtered facility water and allowed to further stabilize for at least 2 h. Approxi-

mately 30 min before the experiment began, the agarose surrounding the tail, as well as the rostral tip of the fish were removed to 

allow for trackable tail movements and chemical stimulus presentation, respectively. Salt stimuli (50 mM NaCl) were presented to 

the fish using a previously described gravity-driven perfusion system. 20 Visual dark flashes were presented through a 625 nm 

LED (Thorlabs M625L4) placed above the fish. All stimuli were presented for 10 s, with interstimulus intervals of either 300 s or 60 s. 

Tail tracking and heart rate recordings were acquired through a single FLIR Blackfly camera placed below the fish at 100 Hz via 

infrared illumination (850 nm ThorLabs LED M850L3) presented from above the fish. In the light path between the IR LED and the 

camera, we placed a 4× objective (AMScope PF4X-INF) to provide enough magnification to visualize the heart. Before the

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Propranolol Sigma-aldrich P0884

Deposited Data

Processed imaging and behavioral data this study, zenodo https://doi.org/10.5281/zenodo.18135842

Experimental models: Organisms/strains

5-7 days post fertilization; Danio rerio: 

TgBAC(vGlut2a:Gal4;uas:GCaMP6s; nacre − /− )

Muto, 54 

Satou, 23

13a; nns20Tg

5-7 days post fertilization; Danio rerio: 

TgBAC(ChaTa:Gal4;uas:GCaMP6s; nacre − /− )

Muto, 54 

Fö rster,. 26

13a; mpn202Tg

5-7 days post fertilization;Danio rerio: 

Tg(Th1:Gal4;uas:GCaMP6f; nacre − /− )

Muto, 54 

Li, J. 25

ccu1Tg

5-7 days post fertilization; Danio rerio: 

Tg(DβH:Gal4;uas:CoChR-GFP; nacre − /− )

Mu, 18 biu20Tg; jf44Tg

5-7 days post fertilization; Danio rerio: 

Tg(myl7:CoChR-tdTomato)

this study N/A (this study)

Software and algorithms

MATLAB 2021 analysis software this study github.com/kjherrera23;

https://doi.org/10.5281/zenodo.18135842
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experiment begins, the center location of the heart is manually selected, and a 20 × 20 pixel image surrounding the heart is saved for 

further processing every 30 ms. For tail tracking, a tail skeleton consisting of 10 points is automatically detected and saved using a 

previously described algorithm 57 at every time point (100 hz) during the experiment. Stimulus control, as well as heart and behavior 

acquisition, were performed using a single custom-written LABVIEW program.

For combined heart-rate and optomotor response experiments, a second preparation was built, with the objective and camera 

placed above the fish and infrared illumination placed below. This allowed for a projector to be placed below the fish in order to pre-

sent visual stimuli. To induce fear states, we used the chemical delivery apparatus described above. Square gratings moved either 

leftward or rightward for up to 8 s every 20 s. To prevent struggles being induced by perceived futility, we stopped the moving gratings 

after each turn event. To induce heart rate dynamics comparable to the ones generated in the other assays, we presented 10-s pulses 

of 50 mM salt to the larvae every 6 min.

Whole field motion stimulation

To probe the larvae’s visual sensitivity during tachycardia, we presented black and white gratings with a period of 7 mm to the scene 

directly below the fish using custom-written LabVIEW software. To measure heart rate in these experiments, we placed the recording 

camera and 4× objective above the fish. Visual gratings moved at 1.5 cm/s either to the left or right every 20 s for up to 8 s. To prevent 

futility-induced passivity 18 grating motion ceased immediately after the fish attempted a turn as detected by the online tail-tracking 

software.

Pharmacology

All working solutions were made fresh in filtered fish water the same day of the experiment. Larvae were first incubated in the drug for 

at least 2 h and then embedded. The embedded larvae were then immersed in the same concentration of drug. Sibling control fish 

went through the same procedure, but without any drug added to the water.

Calcium imaging

For all functional imaging experiments, we used a custom-built two-photon microscope. Excitation was provided by a femto-second 

pulsed Ti:Sapphire laser (MaiTai, Spectra-Physics) set to 950 nm. The sample at power was <10mW. Frames were acquired at 0.7– 

1.1 Hz. Microscope control and image acquisition were performed by a single custom-written LABVIEW program. For nodose imag-

ing experiments, larvae were embedded on either their right or left sides. For all other experiments, larvae were embedded dorsal 

side up.

Optogenetic cardiac pacing experiments

To perform optical pacing concurrent with testing their optomotor response, a slit was cut into the side of a 10 mL Petri dish to allow 

the cannula of a ThorLabs fiber optic cable (M98L01) to be fixed flush with the floor near the center. The wall was repaired with epoxy. 

Larvae were embedded such that the output of the fiber-optic cable was even with the posterior side of the heart. A power was iden-

tified that did not affect control fish, and still led to cardiac contractions in transgenic fish positive for myl7:CoChR. During pacing 

sessions where the target frequency was 2 Hz, the LED was on for 200 ms and off for 300 ms. For 2.5 Hz the LED was on and off 

for 200 ms.

During imaging experiments, we needed to avoid illuminating the fish and recording light from the photomultiplier tube at the same 

time to prevent photodamage of the PMT. Thus, we used a gated PMT (Hamamatsu H11526-01-NN) for collecting emitted photons, 

and interleaved recording and stimulation during the galvo scanning, such that during the forward scan, the PMT was on and light 

source off, and during the backward scan, the light source was on and PMT unpowered. To enable rapid switching between on 

and off states, we used a blue laser (Coherent OBIS 1178767). This was fed directly to the heart of the fish via a 400 μm fiber optic 

cannula (CFMLC14L20) - controlled by a manual micromanipulator (Siskiyou SD-130). The pacing stimulation was otherwise the 

same as for the behavior.

2-Photon ablations

Ablations were performed using a Zeiss LSM 980 NLO Multi-photon microscope. Using the bleaching function, an ROI was drawn 

around the region and after 10 frames a 5 ms pulse of max power, 850 nm, laser was applied every 10 s until the area of interest was 

eliminated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Extraction of heart rate and relative fill volume from saved images

To extract heart rate from the 20 × 20 pixel movies saved during all experiments, we used a custom pipeline written in MATLAB. We 

first performed PCA across time and then examined the first 7 principal components to identify the components with the strongest 

frequency power in the 1–5 hz band. This signal was assumed to be related to heart rate. We then extracted the time between peaks in 

this signal using MATLAB’s findpeaks function and manually selecting a ‘MinPeakProminence’ value that sufficiently captured peaks 

after visual inspection. Peaks detected within 200 ms of the preceding peak were removed. The instantaneous heart rate was then
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defined as the inverse of the time between the detected peaks. All fish with a median baseline less than 1 Hz were removed from 

analysis. The change in luminance from the extracted heart was used to estimate blood flow. The difference was calculated from 

the peak luminance during the heart beat and the trough. To compare across fish, we normalized by the average change in luminance 

at 2.4 Hz for threat-related tachycardia, or the average change in luminance across all beats for the pacing experiments.

Image segmentation and registration

Neural signals from within the brain were extracted by first segmenting every imaged plane into 2-dimensional voxels. This was done 

by first correcting for motion in XY across time 58 and then performing segmentation based upon local correlations of pixel fluores-

cence across time following a previously described protocol. 20,59 For the sympathetic nervous system - which has relatively few cells 

- neuronal cell bodies were manually segmented. Registration of functional stacks to a single reference volume was done using the 

BigWarp plugin in FIJI. 60 Landmarks that connected functionally imaged anatomy to the reference anatomy were selected individ-

ually for each experiment.

Identification of heart-rate related cells

To classify neuronal responses we first computed DF/F values, assuming the baseline to be the median fluorescent values. We then 

specifically selected cells that were ‘‘active’’ above noise by comparing the variance of the frame-by-frame differential of the trace to 

the overall trace. Cells where this value was greater than 1.2 were deemed to be inactive or noisy, and removed from analysis. We 

then generated regressors from the heart rate and tail behavior of the animal, as well as the stimuli presented to the animals. Each 

parameter was convolved with a kernel representing the onset and offset dynamics of GCaMP6S to make these regressors. These 

regressors were cross-correlated with each neuron’s calcium trace. Neurons were defined to be most correlated to a given stimulus 

when that stimulus generated its greatest correlation and the peak correlation coefficient was greater than 0.3.
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