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SUMMARY

Transient exposure to ketamine can trigger lasting changes in behavior and mood. We found that brief keta-
mine exposure causes long-term suppression of futility-induced passivity in larval zebrafish, reversing the
‘‘giving-up’’ response that normally occurs when swimming fails to cause forward movement. Whole-brain
imaging revealed that ketamine hyperactivates the norepinephrine-astroglia circuit responsible for passivity.
After ketamine washout, this circuit exhibits hyposensitivity to futility, leading to long-term increased perse-
verance. Pharmacological, chemogenetic, and optogenetic manipulations show that norepinephrine and as-
trocytes are necessary and sufficient for ketamine’s long-term perseverance-enhancing aftereffects. In vivo
calcium imaging revealed that astrocytes in adult mouse cortex are similarly activated during futility in the tail
suspension test and that acute ketamine exposure also induces astrocyte hyperactivation. The cross-spe-
cies conservation of ketamine’s modulation of noradrenergic-astroglial circuits and evidence that plasticity
in this pathway can alter the behavioral response to futility hold promise for identifying new strategies to treat
affective disorders.

INTRODUCTION

The behavior of animals incorporates past experience to adapt

to changing environments.1–5 Importantly, transient perturba-

tions of circuits, such as through emotionally salient events or

brief exposure to psychoactive chemicals, can profoundly alter

circuit dynamics and behavior far outlasting the input’s lifetime.

Understanding the cellular and circuit mechanisms by which

transient perturbations cause long-lasting changes in circuit dy-

namics and behavior benefits from an experimental system in

which the acute and long-lasting consequences of perturba-

tions can be measured brain-wide during behavior. The larval

zebrafish’s optical accessibility makes it an ideal system to

study such questions,6,7 as activity in nearly all cells8 can be
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measured simultaneously while the fish performs fictive behav-

iors in virtual reality.9

Futility-induced passivity is a state-switching behavior based

on the larval zebrafish’s innate tendency to swim in the direction

of optic flow, a position-stabilizing behavior known as the opto-

motor response (OMR).10,11 Previously, we showed that when

swims become futile (i.e., stop moving the fish forward through

virtual reality), fish at first produce higher-vigor swims12 but

eventually stop swimming altogether, akin to ‘‘giving up.’’9 Futile

swims enhance firing of hindbrain noradrenergic neurons, and

this noradrenergic signal is integrated over time through intracel-

lular calcium signaling in a population of hindbrain astrocytes to

suppress swimming.9 These studies indicate that there is a

noradrenergic-astroglial circuit that integrates information about

behavioral futility and induces switching from an active to a pas-

sive behavioral state.

Mammals also undergo behavioral state switching and can

enter periods of immobility in assays based on inescapable chal-

lenge, as observed during forced swim and tail suspension

tests.13,14 Such behavior in mammals, often referred to as pas-

sive coping and learned helplessness, can be modulated by ke-

tamine and other compounds.15–17 Although there are qualitative

differences between these mammalian and fish assays, the po-

tential conceptual link provided between futility and inescapable

challenge, and the fact that these assays trigger behavioral state

switching, motivated our consideration of the effects of ketamine

on futility-induced passivity. The forced swim test and related

assays in mice, although generally not considered a model for

depression,18 have been extensively used to assess behavioral

phenotypes that are altered in animal models of depression14

and their reversal by antidepressant compounds.

Previous studies in zebrafish showed that ketamine exerts

acute anxiolytic effects19 in adult and larval zebrafish,6 and in ju-

venile zebrafish, it demonstrated that ketamine suppresses

passivity following inescapable shocks through modulation of

habenular and raphe activity.2 However, the acute effects of ke-

tamine20 on neural activity in these behavioral studies were not

considered, rendering unclear the mechanisms through which

ketamine’s long-lasting effects on brain activity occurs, which

other futility-related behaviors may be affected, and through

which pathways this occurs. Furthermore, the futility-induced

passivity behavior we previously characterized proceeds

through several medullary brain regions with limited overlap

with the habenula (Hb) and raphe and critically involves astroglia,

motivating an examination of ketamine’s acute and persistent ef-

fects on both neurons and non-neuronal cells in our behavioral

context.

Ketamine, in mammals, acutely enacts dissociative anes-

thesia, but following recovery and at lower doses, it drives a

rapid and long-lasting effect on learned-helplessness behavior

in rodents and elicits antidepressant effects in humans.17,21 Ke-

tamine has many molecular targets,22–24 including the widely

expressed NMDA receptor (NMDAR),17,25 and because of this

promiscuity, ketamine likely modulates activity in many brain re-

gions20,26–28 across both neurons and non-neuronal cell types.29

Indeed, previous work has identified many candidate regions,

including the prefrontal cortex,30 Hb,2,31–33 serotonergic raphe,2

and dopaminergic system.34–37 Here we sought to interrogate

the mechanisms of ketamine’s brain-wide effects by leveraging

the unique accessibility of the larval zebrafish’s entire brain to

functional imaging and perturbation during behavior. Because

of the broad range of possibilities of ketamine’s action on cir-

cuits, previous work in culture and brain slices showing that ke-

tamine can affect astroglia,38–40 and astroglial involvement in

behavioral state change,9,41–48 we surveyed activity in both

neuronal and non-neuronal glial populations.49–52

RESULTS

Ketamine induces long-term suppression of futility-
induced passivity in larval zebrafish
We adapted a previously reported assay for futility-induced

passivity in virtual reality environments in paralyzed, fictively

behaving larval zebrafish9 to assess this behavior in unparalyzed

fish (Figure 1A). Fish were embedded in agarose such that their

heads were immobilized and their tails free to move. Using

custom-built behavior apparatuses, we monitored swimming

while delivering drifting grating visual stimuli (STAR Methods).

Trials consisted of three phases: ‘‘rest,’’ ‘‘closed loop,’’ and

‘‘open loop’’ (Figure 1B). During rest, gratings were stationary.

During closed loop, gratings steadily drifted forward to induce

swimming via the OMR.10,53 If fish swam during closed loop,

the forward-moving gratings slowed down and reversed direc-

tion to signal forward self-motion10 through effective swims. By

contrast, during open loop, gratings also drifted forward, but

swimming did not affect grating movement and was thus futile.

Open loop induced an initial period of higher-vigor swimming fol-

lowed by transient cessation of swimming (passivity), a type of

giving-up response to swimming being futile.9

We first tested the effect of ketamine, an NMDAR antagonist

widely used as a rapid-acting dissociative anesthetic.54 Previ-

ous studies have shown that at lower doses, and after the

dissociative effects disappear, ketamine elicits persistent anti-

depressant action.17,21 Fish were exposed to a transient dose

of 200 mg/mL ketamine and then allowed to recover from acute

anesthetic effects. We subjected these fish (and vehicle-

treated clutch controls) to the futility-induced passivity assay

(Figure 1C).

As a dissociative anesthetic, ketamine profoundly affects mo-

tor behavior on acute timescales. We used two independent an-

alyses to control for whether ketamine had any lasting effects on

baseline motor activity after washout. First, we analyzed closed-

loop swimming post-recovery and found that both treated and

control fish exhibited normal swimming during closed-loop pe-

riods (Figures 1D–1F, S1A, and S1B; Video S1). Second, freely

swimming fish exhibited identical swim rates between treated

and untreated groups (Figure S1C). Together, these data indi-

cate that ketamine does not induce prolonged changes in basic

locomotion in larval zebrafish.

We next analyzed ketamine’s effects on futility-induced

passivity in the open-loop period. During open loop, as expected,

untreated control fish transitionedbetweenperiods of swimming,

struggle characterized by larger, uncoordinated tail deflections

(Figures 1D and S1D; Video S1), and passivity (Figure 1D).

In ketamine-treated fish, the duration of passivity during

open loop was decreased (Figures 1F and 1G; Video S2) in a
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dose-dependent manner (Figure 1H). Post-ketamine, swim vigor

in open loop was higher than in closed loop, showing that the

decrease in passivity was not due to larvae failing to detect futile

swims (Figure S1E). Nor was it due to slow motor recovery from

anesthesia, as pre-exposure to the anesthetic sodium channel

blocker MS-222 had no effect on futility-induced passivity

(Figures S1F–S1H). Thus, ketamine suppresses futility-induced

passivity and promotes behavioral perseverance in a manner

distinct from its anesthetic or dissociative effects (Figure 1I).

Astrocytes exhibit similar calcium transients in fish and
mice during futility-related behaviors
Futility-induced passivity in zebrafish shares features with

learned-helplessness models such as the tail suspension test in

rodents, which has been used for translational purposes to

assess antidepressant action.13 In both assays, attempts to leave

Figure 1. Brief ketamine exposure causes

long-term suppression of futility-induced

passivity in larval zebrafish

(A) Schematic of experimental workflow for imaging

swimming behavior in unparalyzed larval zebrafish.

(B) Trial structure: 60 s of rest (no stimulus), 60 s of

effective swimming (‘‘closed loop,’’ forward optic

flow, visual feedback), then 120 s of futile swim-

ming (‘‘open loop,’’ forward optic flow, no visual

feedback), 10 to 15 repeated trials.

(C) Timeline of experiments testing ketamine’s ef-

fect on futility-induced passivity.

(D) Example trials for vehicle control fish showing

tail vigor (rolling-window tail angle standard devi-

ation) across time. Colors above swim trace indi-

cate normal swimming (black), struggle (yellow),

and passivity (red). Colors below swim trace indi-

cate closed- (teal) and open-loop (brown) periods.

(E) During ketamine treatment, fish tend to become

quiescent.

(F) After ketamine treatment and washout, example

fish swims similarly to vehicle-treated fish in closed

loop (cf. D, CL period), but in open loop, they are

less passive and more active.

(G) Ketamine-treated fish spend less time passive

(periods > 10 s with no swimming) than vehicle

controls during open loop. Mann-Whitney test, n =

16 fish (control), 15 fish (ketamine), p = 0.0010.

(H) Dose-response curve of ketamine’s suppres-

sion of open-loop passive time. Mann-Whitney

test, n = 8 fish (control), 8 fish (ketamine), p =

0.0289. All error bars denote standard error of the

mean (SEM) * p < 0.05 ** p < 0.01.

(I) Summary of findings.

an aversive situation are futile and include

vigorous struggles and passivity. In zebra-

fish, futile locomotion elicits strong, often

brain-wide calcium signaling in astro-

cytes9 (Figures 2A–2C). To determine if as-

trocytes are similarly engaged during a

learned-helplessness condition in mice,

we monitored astrocyte calcium levels in

the retrosplenial cortex (RSC), an acces-

sible cortical region that receives dense noradrenergic innerva-

tion,55,56 of Aldh1l1-CreER;R26-lsl-GCaMP6s57 mice during the

tail suspension test. For these studies, we employed a miniatur-

ized, head-mounted two-photonmicroscope58 that enabled sta-

ble visualization of GCaMP6s fluorescence within astrocytes

through a chronic cranial window while mice were suspended

(Figure 2D; VideoS3). Periodsof futile struggle inmicewere asso-

ciated with a gradual rise in astrocyte calcium levels throughout

the imaging field, peaking at the transition from struggle to immo-

bility, and returned to baseline levels as the mice ceased moving

(Figures 2E, 2F, and S2A). These results indicate that the dy-

namics of astrocytic activity in mice are remarkably similar to

those in zebrafish. Although the behaviors and brain regions are

not identical, these results suggest that astrocyte engagement

during intense arousal states is evolutionarily conserved, opening

the possibility for cross-species comparisons of the effects of
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drugs on the neural pathways that control futility-related state-

switching behavior.

Conserved pharmacologically induced behavioral state
switching in fish and mice
The hypothesis that futility-induced passivity in zebrafish and

rodent futility models engage similar cellular mechanismswould

be bolstered if treatment with compounds known to increase or

decrease passivity in futility-related assays exerted similar re-

sponses in these two species. Chronic glucocorticoid treat-

ment59 in mice is used as an animal model of depression,

mimicking chronic hyperactivation of the HPA stress axis.60

Among other behavioral phenotypes, such as decreased su-

crose preference,61 chronic glucocorticoid treatment induces

increased passivity in the tail suspension test and forced

swim test,62,63 which can be reversed by treatment with

Figure 2. Translational potential and paral-

lels between zebrafish and rodent futility-

induced passivity assays

(A) A light-sheet microscope recorded from radial

astrocytes across the brain at cellular resolution

while fictive behavior was monitored, and visual

stimulus was delivered.

(B) Swim traces (gray, tail vigor) showing active and

passive periods and simultaneously recorded

hindbrain astroglial calcium signals from an

example fish.

(C) Average open-loop struggle-triggered jRGE-

CO1a signal in hindbrain glia (n = 3).

(D) 2-photon imaging of cortical astrocyte calcium

dynamics in the retrosplenial cortex using Aldh1l1-

CreER and GCaMP6s mice using a head-mounted

miniaturized microscope.

(E) Active and passive periods and simultaneously

recorded cortical astrocyte calcium signals in the

retrosplenial cortex from an example mouse.

(F) Average passivity-triggered cortical astrocytic

signal. (n = 8).

(G) Timeline of experiments testing the effect of

chronic hydrocortisone (CORT) treatment on futil-

ity-induced passivity in larval zebrafish.

(H) Example trials for control fish (K) and hydro-

cortisone-treated fish (L). Colors above swim trace

indicate normal swimming (black), struggle (yel-

low), and passivity (red). Colors below swim trace

indicate closed- (teal) and open-loop (brown) pe-

riods. Swim traces indicate tail vigor.

(I) CORT-treated fish spendmore time passive than

vehicle controls during open loop. This effect was

reversed by treatment with ketamine. One-way

ANOVA with Welch’s correction for multiple com-

parisons, n = 23 (control), 23 (CORT), and 20 (ke-

tamine-CORT). (CORT vs. control) p = 0.0274,

(control vs. CORT-ketamine) p = 0.7266.

(J) Average percentage of closed-loop (CL) spent in

the passive state. Mann-Whitney test, n = 23

(control), 23 (CORT), p = 0.4453.

(K) Open-loop passivity and closed-loop swim rate

(‘‘side-effects’’) of fish treated with vehicle (control)

or various pharmacological compounds (normal-

ized to mean of control) in the futility-induced

passivity assay. Results are grouped by major

pharmacological target of treatment compound. *

Indicates p < 0.05 compared with control.

(L) Acute (1 h post-washout) effects of (left) phency-

clidine-site NMDA receptor antagonists and (right)

5-HT2A receptor agonists on open-loop passivity.

(M) Persistent (24 h post-washout) effects of (left) phencyclidine-siteNMDA receptor antagonists and (right) 5-HT2A receptor agonists. All error bars denote SEM. n.s.

p > 0.05, * p < 0.05, **p < 0.01, *** p < 0.005, **** p < 0.001. Statistics for (L) and (M) one-way ANOVAwith Tukey’smultiple comparison test (vs. control). (L, left), n = 17

(control), 10 (ketamine), 8 (MK-801), p = 0.0086 (ketamine), and 0.0115 (MK8-801). (L, right) 16 (control), 8 (DOI), 7 (TCB-2), p = <0.0001 (DOI), and 0.0008 (TCB-2). (M,

left)n=8 (control), 8 (ketamine), 8 (MK-801),p=0.0103 (ketamine), <0.0001 (MK-801). (M, right)n=16 (control), 8 (DOI), 8 (TCB-2),p=0.8096 (DOI), and0.8295 (TCB-2).
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antidepressants, including ketamine.33 We found that long-term

hydrocortisone pre-treatment (48 h) in larval zebrafish also in-

creases futility-induced passivity (Figures 2G–2I), with open-

loop-specific effects (Figure 2J), and that ketamine reversed

this effect (Figure 2I). Thus, ketamine can reverse stress-hor-

mone-induced changes in behavioral state switching in both

mice and zebrafish.

In addition to ketamine, a broad range of compounds with

known antidepressant effects in mammals produced similar out-

comes in the zebrafish futility assay (Figures 2K–2M; Table S1).

Compounds that have been previously reported to have fast-

acting, antidepressant-like effects and that bind either NMDARs

(ketamine, MK-801, DXM) (Figure 2L, left, and S2C) or seroto-

nergic receptors (DOI) (Figure2L, right) decreased futility-induced

passivity, although MK-801 and DOI also induced hyperlocomo-

tion during closed loop (Figure 2K). The 5-HT2A receptor agonist,

TCB-2,64 also suppressed futility-induced passivity (Figures 2K

and 2L, right), similar to the effects of other psychedelics65,66 in

mammals. Finally, we tested recently synthesized psychedelic

analogs with diverse chemical structures, including R-69, AAZ-

A-154, and tabernanthalog (TBG).67–69We found that, as reported

in rodent models, these compounds also significantly reduced

passivity in zebrafish (Figures 2K, S2D, and S2E), demonstrating

a conservation of their behavioral effects across species.

Conversely, classical antidepressants that have prolonged onset

times in rodents and humans,70,71 such as selective serotonin re-

uptake inhibitors (SSRIs) and tryciclic antidepressants (TCAs),

showed no passivity-suppressing effects after a single, 1-h

Figure 3. Brief ketamine exposure sup-

presses subsequent astrocyte calcium re-

sponses during futile swimming

(A) Summary of mechanism underlying futility-

induced passivity in zebrafish, adapted from Mu

et al.9

(B) Whole-brain imaging of radial astrocyte calcium

during behavior as described in the main text.

(C) Swim traces (gray, tail vigor) showing active

and passive periods and simultaneously recorded

hindbrain astroglial calcium signals from two

example Tg(gfap:jRGECO1a) fish either treated

with vehicle control (pre-ketamine, top) or ketamine

(post-ketamine, bottom). In both cases, fish were

allowed to recover for 1 h following washout before

recordings were performed.

(D) Astrocytes are less active in the open-loop test

period after ketamine treatment compared with

control, as assessed by comparing the averageDF/

F (area under the curve) of astrocytic calcium after

strong-swims before and after ketamine treatment.

Mann-Whitney test. n = 5 (pre), 6 (post). p = 0.0087.

(E) Summary of findings. Brief ketamine treatment

causes, after washout, long-term reductions in

passivity and hypo-activation of astrocytes

compared with control.

dose in fish (Figure S2B). In addition, we

examined the effects of two NMDAR an-

tagonists, memantine and AP5, that do

not affect passivity in mammals, and

observed no significant effects on futility-induced passivity at

the doses tested (Figures S2F and S2G).

A single dose of ketamine or psychedelics can produce behav-

ioral effects that far outlast their presence in the body.21,72–74

Consistent with these effects in mammals, both ketamine and

MK-801 retained a passivity-suppressing effect 24 h after tran-

sient exposure (Figure 2M, left). Interestingly, normal passivity re-

emerged 24 h after administration of the serotoninergic receptor

agonists DOI and TCB-2 (Figure 2M, right). Therefore, ketamine

triggers a persistent decrease in futility-induced passivity in larval

zebrafish that reflects lasting alterations in brain activity. The

similar pharmacological sensitivity between zebrafish andmouse

futility behaviors suggests that itmaybepossible to exploit zebra-

fish as a more tractable model for interrogating circuit-level

changes responsible for the effects of ketamine and other com-

pounds on behavioral state transitions.

Brief ketamine exposure causes persistent changes in
astroglial responsiveness to futility in fish
Previous studies in zebrafish indicate that the futility-induced

switch to passivity is mediated by the noradrenergic-astroglial

system.9 Noradrenergic neurons in a brainstem cluster known

as NE-MO,9 likely corresponding to area A2 neurons in mam-

mals,75 activate during futility. Radial astrocytes integrate the

noradrenergic futility signal and then activate neurons in the

lateral medulla oblongata (L-MOGABA) that suppress swimming

(Figure 3A). To determine whether the decrease in passivity after

ketamine exposure results from reduced astroglial activation, we
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measured astroglial calcium signals in Tg(gfap:jRGECO1a) fish

during a fictive-swimming implementation of the futility assay (in

which electrical signals in the tail are used in lieu of physical tail

motion; Figure 3B). After ketamine exposure and washout, astro-

glial calcium levels were lower than untreated fish during futile

swimming (Figures 3C–3E). This suggests that ketamine’s effects

on behavioral passivitymay emerge from prolonged downregula-

tion of astrocyte responsiveness to behavioral futility.

Acute brain-wide effects of ketamine on neural activity
and neuromodulation
We used light-sheet imaging to collect activity profiles from

single neurons across nearly the entire brain during acute ke-

tamine exposure in Tg(elavl3:H2B-GCaMP7f) fish (Figure 4A).

Images were then registered to a zebrafish brain atlas76 to

identify regions of concentrated activity (Figures S3A and

S3B). Consistent with ketamine’s inhibitory effects on sponta-

neous and sensory-evoked locomotion, neural activity was

suppressed in early visual areas and hindbrain motor regions

(Figures 4B–4D), with 130 out of 294 brain areas showing a

significant reduction in activity (Figures 4D, S4B, and S4C).

However, in a small subset of brain areas (39 out of 294 areas),

neuronal activity was significantly enhanced by ketamine,

including noradrenergic and serotonergic nuclei (Figures 4C–

4E and S4A).

Due to the importance of monoaminergic systems on depres-

sive phenotypes and their treatments, we examined ketamine’s

effects on the activity of noradrenergic and serotonergic nuclei in

more detail. NE-MO neurons, along with other noradrenergic

clusters in the area postrema, increased activity during ketamine

exposure (Figures 4C–4F). In addition to the noradrenergic sys-

tem, hindbrain serotonergic populations increased their activity

during acute ketamine exposure (Figure 4F), consistent with ob-

servations in rodents.77 To complement the assessment of neu-

ral activity changes in monoaminergic nuclei, we also directly

visualized changes in both NE and 5-HT levels in the brain

following ketamine treatment by imaging pan-neuronally ex-

pressed extracellular sensors of NE78 (Tg(elavl3:GRABNE2h))

Figure 4. Activation of noradrenergic and

serotoninergic populations following acute

ketamine

(A) Fish expressing the nuclear calcium indicator

H2B-GCaMP7f under a pan-neuronal promoter

were imaged using a light-sheet microscope before

and during acute treatment with ketamine. Micro-

graph shows orientation of larval zebrafish brain as

shown in the following panels. Scale bar, 100 mm.

(B) Average activity changes across six registered

fish (log-ratio of DF/F following ketamine admin-

istration to before administration) at different

anatomical depths after ketamine treatment.

(C) Selected Z-Brain76 areas activated significantly

above (red) or below (blue) chance (background

shaded region, 95% CI) following ketamine treat-

ment. Chance levels determined through boot-

strapping with shuffle indices (nBoot = 10,000).

Numbers inparenthesescorrespond to regions in (E).

(D) Proportion of Z-Brain76 areas activated signifi-

cantly (same statistical assessment as in C) above,

below, or at chance following ketamine treatment. A

more comprehensive analysis for all areas is shown

in Figure S4.

(E) Brain areas that were significantly (same statisti-

cal assessment as in C) activated or inhibited

following ketamine treatment in blue or red overlaid

onto the reference atlas fish. Labeled numbers

correspond to regions listed in (C).

(F) Average neural activity (DF/F) of indicated

noradrenergic and serotonergic regions across fish

(n = 6 fish, top 10% cells for each region per fish).

Shaded region denotes SEM.

(G) Maximum and minimum values (along the

Z-dimension, top-bottomof thebrain) for averageNE

levels across the brain during ketamine exposure

imaged using GRABNE2h (n = 2). OT, optic tectum,

pMO, posterior medulla oblongata.

(H) Maximum and minimum values (along the

Z-dimension, top-bottom of the brain) for average

5-HT levels across the brain during ketamine expo-

sure imaged using GRAB5-HT2.0 (n = 4). Ce, cere-

bellum, Hb, habenula. All scale bars, 100 mm.
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and 5-HT79 (Tg(elavl3:GRAB5-HT2.0)) (Figures S3C and S3D). We

found that ketamine administration elevated NE across the hind-

brain, especially in the posterior medulla oblongata (pMO), while

NE levels decreased in the optic tectum (OT) (Figures 4G and

S3E). Direct visualization of 5-HT revealed that ketamine-

induced strong elevation in the Hb and cerebellum (Ce) but

had more diverse effects in the OT and medulla (Figures 4H

and S3F). Together, these data provide a brain-wide map of ket-

amine’s effects on NE and 5-HT levels, indicating that ketamine

acutely alters monoaminergic neuromodulation across the brain

in a region-dependent manner.

NE-dependent elevation of astroglial calcium during
acute ketamine exposure
NE is an evolutionarily conservedmodulator of astroglial calcium

signaling.9,43,49–52,80 To determine if ketamine acts on NE

modulation of astroglial calcium signaling, we imaged calcium

activity in radial astrocytesduring ketamine exposure usingwide-

field fluorescence imaging in unparalyzed, head-embedded

Tg(gfap:jRGECO1a) fish (Figure 5A). Strikingly, acute exposure

Figure 5. Ketamine triggers a long-lasting

calcium elevation in astroglia

(A) Fish expressing the calcium indicator jRGE-

CO1a in astroglia were imaged using an epifluor-

escence microscope before and during acute

treatment with ketamine for 30 min.

(B) Example fluorescence micrographs of jRGE-

CO1a signal at three time points illustrating eleva-

tion and return to baseline of cytosolic calcium in

the presence of ketamine. Scale bar, 50 mm.

(C) Heatmap of glial jRGECO1a signal in four ROIs

(left) for fish in (C). Pink bar indicates ketamine in the

bath.

(D) Hindbrain jRGECO1a fluorescence change in an

example fish treated with ketamine (200 mg/mL) or

vehicle (control). Short increases in astrocytic cal-

cium during struggles in control fish are indicated

by gray arrowheads.

(E) Average hindbrain fluorescence change

following treatment with listed compounds. Keta-

mine, but not fluoxetine (SSRI), DOI (5-HT2AR

agonist), or MS-222 (anesthetic), elevates cytosolic

astroglial calcium. One-way ANOVA with Tukey’s

multiple comparison test (vs. control). n = 5 (control,

MS-222), 4 (all other conditions). p = 0.0169 (keta-

mine), 0.9395 (MS-222), 0.9893 (DOI), 0.9996

(fluoxetine).

(F) Summary of findings.

to ketamine induced a dose-dependent

(Figures S5A–S5D) large rise in astro-

glial cytosolic calcium concentration

(Figures 5B–5D; Video S4) that remained

elevated for over 20 min (Figures S5F and

S5G). This ketamine-induced calcium in-

crease was many times larger and more

prolonged than the transient calcium in-

creases that occurred during open-loop

struggles (magenta vs. black in Figure 5D).

This effect was specific to ketamine, as it

was not observed with fluoxetine, MS-222, or DOI (Figure 5E).

These results raise the possibility that minutes-long activation

of astroglia by NE during ketamine treatment plays a role in its

suppression of future passivity behavior.

To determine whether the ketamine-induced astroglial cal-

cium elevation depends on extracellular NE, we first

performed simultaneous two-color brain-wide imaging of intra-

cellular calcium in astroglia and extracellular NE (Figure 6A) in

fish expressing jRGECO1a in astroglia and GRABNE2h in neu-

rons. NE elevation and astroglial calcium elevation had similar

time courses (Figure 6B), and pharmacological inhibition of

a1-adrenergic receptors (a1-ARs) (Figure 6C) with prazosin

abolished the stimulatory effect of ketamine on astroglial cal-

cium (Figure 6D). Moreover, pharmacological blockade of a1-

AR signaling prevented the ability of ketamine to subsequently

suppress futility-induced passivity (Figures 6E and S6A–S6C).

Thus, ketamine triggers hyperactivation of astroglia through

NE secretion and a1-AR activation. These data suggest that

NE-dependent astroglial calcium hyperactivation is critical for

reducing futility-induced passivity.

ll
OPEN ACCESSArticle

Neuron 113, 1–15, February 5, 2025 7

Please cite this article in press as: Duque et al., Ketamine induces plasticity in a norepinephrine-astroglial circuit to promote behavioral perseverance,
Neuron (2024), https://doi.org/10.1016/j.neuron.2024.11.011



Transient opto/chemogenetic astroglial calcium
elevation causes long-term suppression of futility-
induced passivity
To assess whether the aftereffects of elevated astrocytic

calcium are sufficient to suppress passivity, we induced tran-

sient (�30 min) calcium elevations in astroglia using two

different methods and assayed futility-induced behavior after-

ward. First, we optogenetically activated noradrenergic neurons

in Tg(dbh:KalTA4; UAS:CoChR-eGFP) fish,9 which express

the channelrhodopsin CoChR81 (Figure 6F) in noradrenergic

Figure 6. NE-dependent astroglial calcium

elevation is required and sufficient for ket-

amine’s behavioral effects

(A) Fluorescence image of a larval zebrafish ex-

pressing GRABNE2h under the elavl3 promoter

(green) and jRGECO1a (glial Ca2+) under the gfap

promoter (pink). Scale bar, 100 mm.

(B) Simultaneously imaged intracellular glial Ca2+

dynamics (jRGECO1a signal) and extracellular NE

dynamics (GRABNE2h signal). Traces represent

mean of fish (n = 8), and shaded regions denote

SEM. Shaded region indicates ketamine (200 mg/

mL) in bath.

(C) Schematic of experiments testing whether ket-

amine’s effects on astroglial Ca2+ and futility-

induced passivity behavior depend onNE signaling.

(D) Astroglial Ca2+ (jRGECO1a signal) response to

ketamine (200 ug/mL) application in fish treated

with 50 mM prazosin (n = 6) or vehicle control

(n = 5).

(E) Open-loop passivity for fish treated with keta-

mine, with or without a1 adrenergic blocker

prazosin (100 mM). All error bars denote SEM.

* p < 0.05, ** p < 0.01, n.s. p > 0.4. DF (Z scored)

for each fish was calculated as the difference

between mean total fluorescence before treatment

subtracted to total fluorescence at a specific time

point, divided by the standard deviation of total

fluorescence before treatment, for hindbrain mask

(D). Two-way ANOVA with Sidak’s multiple

comparison test. n = 7 (control-prazosin and ke-

tamine-prazosin), 9 (ketamine-vehicle), 11 (con-

trol-vehicle). p = Interaction (0.0140), 0.0057 (ket-

prazosin vs. ket-vehicle), 0.9947 (control-vehicle.

vs. control-prazosin).

(F) Tg(dbh:KalTA4; UAS:CoChR-eGFP) fish ex-

pressing the channelrhodopsin CoChR in nor-

epinephrinergic (NE) neurons were continually stim-

ulated optogenetically with blue (488 nm) light for

30min. Fishwere allowed to recover for an hour then

assayed for futile swimming.

(G) Passivity normalized to clutch, non-stimulated

controls. Optogenetic stimulation suppressed futil-

ity-induced passivity following recovery compared

with non-stimulated clutch controls and non-

expression controls stimulated with blue light. One-

way ANOVA with Sidak’s multiple comparison test.

n= 19 (dbh:CoChr, no light), 14 (wild type, blue light),

13 (dbh:CoChr, blue). p = 0.0004 (WT-Blue light vs.

DBH-Blue light), p = 0.0392 (WT-Blue light vs. DBH-

no light), p = 0.0392 (DBH-no light vs. DBH-Blue

light).

(H) Transgenicfishexpressing ratTRPV1 inastrogliawere treatedwithcapsaicin for 30min.After 30min, capsaicinwaswashedoutandfishallowed to recover for 1 h

before being tested.

(I) Example swimming of capsaicin-treated fish (bottom) and untreated clutch controls (top). Black, yellow, and red segments above swim vigor trace denote regular

swimming, struggling, and passivity, respectively.

(J)Passivity normalized tountreatedclutchcontrols.Capsaicin-treatedfishexhibitdecreased futility-inducedpassivity, although thedistributionof passivityduration

is bimodal. Mann-Whitney test. n = 22 (control), 19 (capsaicin), p = 0.0005.

(K) Summary of findings.
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neurons. Continuous optogenetic activation of NE neurons with

blue light (488 nm) for 30 min induced a minutes-long calcium

rise in hindbrain radial astroglia similar to that induced by keta-

mine, albeit with a faster decay rate (Figures S6D–S6G). This op-

togenetic NE neuron activation led to decreased futility-induced

passivity 1 h later (Figure 6G), indicating that the aftereffects of

strong, transient NE-MO activation and associated astroglial

calcium elevation are sufficient to mimic ketamine’s lasting ef-

fects on behavior.

Second, we selectively activated astroglia by chemogeneti-

cally stimulating astroglia that express the rat transient receptor

potential V1 channel (TRPV1) (Figures 6H and S5H; STAR

Methods). Native TRPV1 in zebrafish is not sensitive to the

chemical capsaicin, but rat TRPV1 is activated by capsaicin

and induces calcium influx.9,82 In TRPV1-expressing fish,

capsaicin reliably led to stronger and longer-lasting astroglial

Figure 7. Persistent suppression of futility-

activated neuron-astroglial circuits following

ketamine exposure

(A) A light-sheet microscope recorded from most

radial astrocytes and neurons in the brain at cellular

resolution (STAR Methods).

(B) Astrocyte jRGECO1a signal following standard-

ized strong swims in fish before and treatment with

ketamine Same dataset as Figure 3D. Mann-

Whitney test. n = 5 (pre), 6 (post). p = 0.0087.

(C) Left: anatomical max projection of Tg(e-

lavl3:H2B-GCaMP7f) fish imaged during behavior.

(middle) max projection of futile-swim-triggered

neural activity of untreated fish (n = 6). Right: max

projection of futile-swim-triggered neural activity of

ketamine-treated fish shown pre-ketamine and

post-ketamine (n = 6).

(D) Average struggle-triggered DF/F in NE-MO cells

before and after ketamine treatment. Mann-Whitney

test. n = 6 (pre), 6 (post). p = 0.041.

(E) Transgenic fish expressing the channelrhodop-

sin CoChR in norepinephrinergic (NE) neurons and

the calcium sensor jRGECO1a in glia were briefly

stimulated optogenetically with blue (488 nm) light

for 5 s while recording glial activity.

(F) Average DF/F traces showing glial calcium re-

sponses after NE-MO stimulation with blue light,

before (pre-ket) and after (post-ket) ketamine

treatment, with different fish for pre/post.

(G) Peak amplitude (DF/F) following blue light stim-

ulation in the same pre-ket and post-ket fish. Two-

tailed paired t test. n = 4 pairs. p = 0.0268. All error

bars denote SEM. * p < 0.05, ** p < 0.01.

(H) Summary of findings.

calcium events (Figure S6I) compared

with futility-induced passivity events

and caused a long-term suppression of fu-

tility-induced passivity after washout

(Figures 6I and 6J). Capsaicin did not

affect wild-type fish (Figure S6L). Pharma-

cological inhibition of a1-AR had no effect

on capsaicin-induced suppression of

passivity (Figures S6J and S6K), consis-

tent with the behavioral effects of astroglial hyperactivation be-

ing downstream of NE and a1-AR (Figure 6K). Thus, prolonged

and strong calcium increases in astrocytes are sufficient to

downregulate future futility-induced passivity.

Brief exposure to ketamine causes long-term
suppression of neuronal and astroglial responses to
futility
One explanation for how transient hyperactivation of astrocytes

by ketamine leads to long-term passivity suppression is that as-

troglia and potentially neurons become less responsive to

futile swims after ketamine exposure. To identify brain regions

with long-lasting activity changes, we performed near-whole-

brain light-sheet imaging of neuronal and astroglial calcium

activity in Tg(elavl3:H2B-jGCaMP7f; gfap:jRGECO1a) fish after

recovery from exposure to ketamine. We first assessed the
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responsiveness of hindbrain astroglia to open-loop swimming.9

To control for differences in swim vigor, whichmight affect neural

and astroglial responses, we analyzed swim-triggered re-

sponses in only high-vigor, struggle-like swims during open

loop (Figures S7E and S7F). This revealed that, while the strug-

gles had similar vigors pre- and post-ketamine treatment (Fig-

ure S7G), astroglial calcium responses to futile swims were

markedly diminished in ketamine-treated fish relative to controls

(Figures 7A and 7B, consistent with Figures 3C–3E), an effect that

was not observed in vehicle-treated controls (Figures S7A–S7D).

Because surges in astroglial calcium are known to trigger the

passive behavioral state in futility-induced passivity,9 this

decrease in the glial calcium response to futile swims provides

a possible explanation for the decline in futility-induced passivity.

A decrease in astroglial response to futility could arise from

weaker noradrenergic modulation or from an astroglial-autono-

mous decline in sensitivity to NE. To investigate the contribution

of decreased futility-triggered neural activity, we analyzed brain-

wide neural activity and astroglial calcium signals during the tri-

als shown in Figures 7B, S7E, and S7F. There was a significant

decrease in futile struggle-triggered neural responses across

the brain, including in NE-MO (Figures 7C and 7D). To determine

if ketamine reduces the sensitivity of astroglia independent of

changes in NE neuron activity, we assessed their response to

strong, selective, optogenetic activation of noradrenergic neu-

rons (Figure 7E). Astroglial calcium responses to this mode of

NE neuron stimulation were suppressed for at least 1 h after ke-

tamine washout (Figures 7F and 7G). These results, together

Figure 8. Ketamine elevates astrocytic cal-

cium in mammalian astrocytes in vivo

through conserved signaling pathways

(A) Schematic showing setup for in vivo imaging of

cortical astrocytic calcium in awake mice.

(B) Fluorescence micrographs of GCaMP6s signal

in the retrosplenial cortex (RSC), for an example

mouse at two time points illustrating elevation of

cytosolic calcium following IP injection of 20 mg/kg

ketamine. Scale bar, 50 mm.

(C) Average RSC DF/F trace in response to

20 mg/kg ketamine (n = 6), injected at 15 min

(dotted line).

(D) DF/F for individual astrocytes over time in

response to 20 mg/kg ketamine (black arrow).

(E) Quantification of RSC fluorescence change

before and after ketamine injection, normalized to

control. Paired two-tailed test. n = 6. p = 0.0003.

(F) Average RSC DF/F trace for mice injected with

20 mg/kg ketamine or 20 mg/kg ketamine plus

0.05 mg/kg of an alpha-2 agonist, dexmedetomi-

dine. n = 5. ** p < 0.01.

(G) Average RSC DF/F trace for astrocytes (pink)

and excitatory neurons (blue) in response to

20 mg/kg ketamine, injected at 15 min (dotted

line) using Aldh1l1-CreER;GCaMP6s;Thy1-jRGECO

mice. n = 4.

with the pharmacological silencing and

chemo/optogenetic activation (Figure 6)

results, show that brief ketamine exposure

results in lasting desensitization of the NE-astroglial circuit

(Figure 7H).

Ketamine induces an acute increase in astrocyte
calcium activity in mice
NE and related molecules directly increase astroglial calcium in

flies, fish, and mammals,43,49–52,80 indicating high evolutionary

conservation of this modulatory pathway. Ketamine enhances

NE release in themammalian brain,27 suggesting thatmammalian

astrocyte activitymaybe enhanced by ketamine. However, a pre-

vious study showed that the ketamine/xylazine combination used

routinely for anesthesia in mice suppresses astrocytic calcium

levels.83 Because xylazine is known to suppress noradrenergic

signaling through its activation of auto-inhibitory a2 ARs, we re-

examined the effect of ketamine on mammalian astrocytes in un-

anesthetized animals. We monitored astrocyte calcium levels in

Aldh1l1-CreER;R26-lsl-GCAMP6s mice using a two-photon mi-

croscopy in head-fixed, awake animals (Figures 8A and S8A).

As inFigures2D–2F,we imagedastrocytes from theRSC,a region

implicated in producing the dissociative effects of ketamine.84

Acute intraperitoneal injection of ketamine induced a striking,

widespread increase in astrocytic calcium (Figure 8B; Video S5).

The calcium response to ketamine peaked several minutes

after injection and lasted for >10 min in all animals tested

(Figures8C–8EandS8F–S8I), similar to the timecourseseen inze-

brafish. By contrast, mice injected with vehicle alone exhibited

only a brief, short latency calcium rise (Figures S8B–S8E), pre-

sumably due to the arousing effects of the injection. The astrocyte
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calcium elevation within the field of view consisted of both a

plateau response that slowly waned and an increase in discrete

calcium transients (FiguresS8F–S8I). These responseswereabol-

ished by treatment with dexmedetomidine (0.01mg/kg), an inhib-

itor of NE release (Figure 8F). To assess the relationship between

this astrocytecalcium rise and theactivityof surroundingneurons,

we simultaneously imaged astrocyte and neuronal calcium levels

in Aldh1l1-CreER;GCaMP6s;Thy1-jRGECO mice, which express

GCaMP6s in astrocytes and jRGECO in excitatory neurons (Fig-

ure 8G). Similar to our observations in larval zebrafish, ketamine

injection led to decreased neuronal activity that mirrored the

increased glial calcium. Although the brain regions are different,

thesedata indicate thaton thecell-typeandneuromodulator level,

ketamine engages an evolutionarily conservedmode of astrocyte

neuromodulation to alter the behavioral response to futility.

DISCUSSION

Here we showed that a single dose of ketamine causes a

persistent increase in behavioral perseverance primarily by

inducing plasticity within a hindbrain neuromodulatory circuit

consisting of astroglia and neurons. Ketamine acutely triggers

a hyper-noradrenergic brain state that causes prolonged as-

troglial calcium elevation. Following washout and return of as-

troglial calcium to baseline, desensitization occurs within the

hindbrain futility circuit. As a result, this noradrenergic-astro-

glial circuit becomes less sensitive to futility, leading to persis-

tent behavioral changes, specifically, increased behavioral

perseverance.

The primary implication of these studies is that the long-lasting

behavioral effects of ketamine, including its rapid and persistent

antidepressant effects, should be re-evaluated in the context of

its rapid, profound effects on endogenousmonoaminergic neuro-

modulation and neuron-astroglial communication. Dysfunction in

monoaminergic signaling has long been linked to depression in

patients andanimalmodels of depression,85 andconventional an-

tidepressant treatments affect monoamine levels by inhibiting

their reuptake.Ourworksupports amechanism inwhichketamine

not only targets monoaminergic neuromodulatory systems but

also exerts its long-term behavioral effects through a process

involving astrocytes. Unlikemonoamine reuptake inhibitors, keta-

mine acts as an impulse perturbation, where a transient but rapid

and profound monoaminergic elevation leads to long-lasting ef-

fects. These dynamics suggest an acute dose of ketamine en-

gages endogenous homeostaticmechanisms to persistently alter

monoaminergic neuromodulation. Intriguingly, the critical role of

rapidNE elevation and astroglial a1-AR activation in persistent re-

silience may explain several alternative antidepressant interven-

tions in rodent models and patients, such as transcranial direct

current stimulation (tDCS) and vagal nerve stimulation (VNS).

tDCS activates astrocytes in rodents,86 suggesting the antide-

pressant effects of tDCS invoke similar molecular components

(NE and astrocyte a1-ARs) as the futility pathway in larval zebra-

fish.9 VNS has antidepressant effects in patients87 and rodent

models.88 Intriguingly, the vagus nerve may provide input to NE-

MO and homologous mammalian regions,75 and thus VNS may

act as an NE impulse perturbation similar to ketamine. Thus, our

study raises the possibility that diverse treatments converge

onto a common hindbrain NE-astroglial network to induce rapid

and sustained antidepressant effects.

Emerging evidence demonstrates that astroglia play impor-

tant and evolutionarily conserved roles in brain state

modulation.41,43,49,50,80,89 Our work suggests potential links

between astroglial modulation of brain state with previous

work on the role of astroglia in both depression and the efficacy

of antidepressants. Astrocytes respond to NE9,49–52 and sero-

tonin48 with elevations in cytosolic calcium. Furthermore, astro-

glial responsiveness to neuromodulators, such as norepineph-

rine in the Hb90 or serotonin in the medial prefrontal cortex

(mPFC),48 has recently been shown to be disrupted in rodent

depression models, and stimulating mPFC astrocytes chemo-

genetically rescues depression-related behavioral pheno-

types.48 Our results provide in vivo evidence in behaving ani-

mals that ketamine-evoked enhancement of monoaminergic

signaling to astrocytes plays a key role in suppressing futility-

induced passivity after washout. The ability to monitor astro-

cyte calcium dynamics in freely moving mice with miniature

2P microscopes and multi-core fiber optic systems may reveal

distinct features of astrocyte network activity associated with

different behaviors. The calcium dynamics within astrocytes

during the tail suspension test and ketamine exposure were

remarkably similar to astroglial responses in zebrafish. We

note that the region recorded in mice is different from the re-

gions that play a central role in zebrafish—such as L-MO9—

because the analogous region in mice is still unknown. For

this reason, we chose a region in themouse that is easily acces-

sible for imaging and receives dense noradrenergic innervation.

Together, in terms of behavior, cell types, and neuromodulators

involved, we reasoned that these systems are sufficiently anal-

ogous to investigate potential commonalities. During move-

ment in futile environments—tail suspension in mice, open-

loop optic flow in fish—astrocyte calcium rose and peaked

near the time of the behavioral transition to passivity. In both

animals, ketamine elicited a prolonged rise in astrocyte cal-

cium, which depended on NE. These commonalities open the

possibility that further mechanistic studies in zebrafish may

help understand key steps in this process that could ultimately

be targeted for therapeutic development. However, further

studies considering astrocytic calcium activity in other relevant

regions such as themPFC30,48 or the Hb25,32 will provide impor-

tant complementary insights into ketamine’s action on glia and

behavioral transitions in mammals.

We found that even transient astroglial activation has pro-

found, lasting effects on neural circuit activity and animal

behavior. The reduction in sensitivity of NE-MO neurons and as-

troglia may represent homeostatic responses to extreme hyper-

activation during ketamine presence. Previous studies demon-

strated that prolonged exposure to NE can lead to receptor

desensitization.91 It is also possible that the calcium elevation

in astrocytes causes long-lasting changes in other astroglial

physiological properties, such as expression of Kir4.1.32,92 Our

studies suggest that the potent effects of ketamine may reflect

a previously unrecognized synergy between NE modulation of

astrocyte calcium and direct NMDAR inhibition31 on neurons

as a means to pharmacologically reduce futility-induced state

switching. Understanding how fast-acting antidepressants act
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on non-neuronal cell types to alter their interaction with key

behavioral circuits could lead to new insight into the cellular

and circuit pathways that go awry duringmajor depressive disor-

der and provide the means to design new fast-acting, effective

therapeutics.6,93
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48. González-Arias, C., Sánchez-Ruiz, A., Esparza, J., Sánchez-Puelles, C.,

Arancibia, L., Ramı́rez-Franco, J., Gobbo, D., Kirchhoff, F., and Perea, G.

(2023). Dysfunctional serotonergic neuron-astrocyte signaling in depres-

sive-like states. Mol. Psychiatry 28, 3856–3873. https://doi.org/10.1038/

s41380-023-02269-8.

49. Paukert, M., Agarwal, A., Cha, J., Doze, V.A., Kang, J.U., and Bergles,

D.E. (2014). Norepinephrine controls astroglial responsiveness to local

circuit activity. Neuron 82, 1263–1270.

50. Ma, Z., Stork, T., Bergles, D.E., and Freeman, M.R. (2016).

Neuromodulators signal through astrocytes to alter neural circuit activity

and behaviour. Nature 539, 428–432.

51. Bekar, L.K., He, W., and Nedergaard, M. (2008). Locus coeruleus alpha-

adrenergic-mediated activation of cortical astrocytes in vivo. Cereb.

Cortex 18, 2789–2795.

52. Ding, F., O’Donnell, J., Thrane, A.S., Zeppenfeld, D., Kang, H., Xie, L.,

Wang, F., and Nedergaard, M. (2013). a1-Adrenergic receptors mediate

coordinated Ca2+ signaling of cortical astrocytes in awake, behaving

mice. Cell Calcium 54, 387–394.

53. Yang, E., Zwart, M.F., James, B., Rubinov, M., Wei, Z., Narayan, S.,

Vladimirov, N., Mensh, B.D., Fitzgerald, J.E., and Ahrens, M.B. (2022).

A brainstem integrator for self-location memory and positional homeo-

stasis in zebrafish. Cell 185, 5011–5027.e20.

54. Domino, E.F., and Chodoff, P. (1965). Pharmacologic effects of CI-581, a

new dissociative anesthetic, in man. Clin Pharmacol Ther. 6, 279–291.

55. Morrison, J.H., Molliver, M.E., and Grzanna, R. (1979). Noradrenergic

innervation of cerebral cortex: widespread effects of local cortical le-

sions. Science 205, 313–316.

56. Oyarzabal, E.A., Hsu, L.-M., Das, M., Chao, T.-H.H., Zhou, J., Song, S.,

Zhang, W., Smith, K.G., Sciolino, N.R., Evsyukova, I.Y., et al. (2022).

Chemogenetic stimulation of tonic locus coeruleus activity strengthens

the default mode network. Sci. Adv. 8, eabm9898.

57. Winchenbach, J., D€uking, T., Berghoff, S.A., Stumpf, S.K., H€ulsmann, S.,

Nave, K.-A., and Saher, G. (2016). Inducible targeting of CNS astrocytes

in Aldh1l1-CreERT2 BAC transgenic mice. F1000Res 5, 2934.

58. Gu, X., Zhao, Z., Chen, X., Zhang, L., Fang, H., Zhao, T., Ju, S., Gao, W.,

Qian, X., Wang, X., et al. (2023). Imaging microglia surveillance during

sleep-wake cycles in freely behaving mice. Elife 12, e86749. https://

doi.org/10.7554/eLife.86749.

59. Gregus, A., Wintink, A.J., Davis, A.C., and Kalynchuk, L.E. (2005). Effect

of repeated corticosterone injections and restraint stress on anxiety and

depression-like behavior in male rats. Behav. Brain Res. 156, 105–114.

60. Holsboer, F. (2000). The Corticosteroid Receptor Hypothesis of

Depression. Neuropsychopharmacology 23, 477–501.

61. Kim, J.-W., Kleinfelter, B., Kavalali, E.T., and Monteggia, L.M. (2024).

Distinct synaptic mechanisms drive the behavioral response to acute

stress and rapid correction by ketamine. Neuropsychopharmacology

49, 1916–1924.

62. Iijima, M., Ito, A., Kurosu, S., and Chaki, S. (2010). Pharmacological char-

acterization of repeated corticosterone injection-induced depression

model in rats. Brain Res. 1359, 75–80.

63. Luo, S., Wu, F., Fang, Q., Hu, Y., Zhang, H., Yuan, S., Yang, C., Shi, Y.,

and Luo, Y. (2024). Antidepressant effect of teriflunomide via oligoden-

drocyte protection in a mouse model. Heliyon 10, e29481. https://doi.

org/10.1016/j.heliyon.2024.e29481.

64. McLean, T.H., Parrish, J.C., Braden,M.R.,Marona-Lewicka,D.,Gallardo-

Godoy, A., and Nichols, D.E. (2006). 1-Aminomethylbenzocycloalkanes:

conformationally restricted hallucinogenic phenethylamine analogues

as functionally selective 5-HT2A receptor agonists. J. Med. Chem. 49,

5794–5803.

65. Hibicke, M., Landry, A.N., Kramer, H.M., Talman, Z.K., and Nichols, C.D.

(2020). Psychedelics, but Not Ketamine, Produce Persistent

Antidepressant-like Effects in a Rodent Experimental System for the

Study of Depression. ACS Chem. Neurosci. 11, 864–871.

66. de la Fuente Revenga, M., Zhu, B., Guevara, C.A., Naler, L.B., Saunders,

J.M., Zhou, Z., Toneatti, R., Sierra, S., Wolstenholme, J.T., Beardsley,

P.M., et al. (2021). Prolonged epigenomic and synaptic plasticity alter-

ations following single exposure to a psychedelic in mice. Cell Rep. 37,

109836.

67. Cameron, L.P., Tombari, R.J., Lu, J., Pell, A.J., Hurley, Z.Q., Ehinger, Y.,

Vargas, M.V., McCarroll, M.N., Taylor, J.C., Myers-Turnbull, D., et al.

(2021). A non-hallucinogenic psychedelic analogue with therapeutic po-

tential. Nature 589, 474–479.

68. Kaplan, A.L., Confair, D.N., Kim, K., Barros-Álvarez, X., Rodriguiz, R.M.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

MS-222 (Tricaine methanesulfonate) Sigma Aldrich Cat#E10521

Ketamine hydrochloride Patterson Veterinary Cat#07-803-6637

Dextromethorphan hydrobromide Sigma Aldrich Cat#D9684

D(-)-2-Amino-5-phosphonopentanoic acid (AP-5) Sigma Aldrich Cat#A8054

MK-801 maleate Cayman Chemicals Cat#10009019

Fluoxetine hydrochloride Sigma Aldrich Cat#F132

Escitalopram oxalate Sigma Aldrich Cat#E4786

Desipramine hydrochloride Sigma Aldrich Cat#D3900

TCB-2 Cayman Chemicals Cat#2592

Memantine hydrochloride Sigma Aldrich Cat#M9292

DOI hydrochloride Sigma Aldrich Cat#D101

Prazosin hydrochloride Sigma Aldrich Cat#P7791

Hydrocortisone - Water Soluble Sigma Aldrich Cat#H0396

Capsaicin Sigma Aldrich Cat#M2028

Dexamethasone VetOne Cat#13985-037-02

Dexmedetomidine Precedex Cat#10010202

Tamoxifen Sigma Aldrich Cat#T5648

R-69 hydrochloride Kaplan et al.68

Roth Lab

N/A

Tabernanthalog (TBG) fumarate Cameron et al.67

Olson Lab

N/A

AAZ hydrochloride Dong et al.69

Olson Lab

N/A

Experimental models: Organisms/strains

Zebrafish: Tg(gfap:jRGECO1a) Mu et al.9 N/A

Zebrafish: Tg(elavl3:H2B-jGCaMP7f)jf90 Dunn et al.94 N/A

Zebrafish: Tg(dbh:KalTA4);Tg(UAS:CoChR-eGFP) Antinucci et al.95 N/A

Zebrafish: Tg(gfap:TRPV1-T2A-eGFP)jf64 This paper N/A

Zebrafish: Tg(elavl3:GRABNE2h) This paper N/A

Zebrafish: Tg(elavl3:GRAB5-HT2.0) This paper ZFIN ct876Tg

Mouse: Tg(Aldh1l1-CreER;GCaMP6s) Dr. Gesine Saher,

Winchenbach et al.57
N/A

Mouse: Tg(Thy1-jRGECO1a) The Jackson Laboratory RRID:IMSR_JAX:030526

Software and algorithms

Bigstream Greg M. Fleishman https://github.com/JaneliaSciComp/bigstream

GraphPad Prism GraphPad RRID:SCR_002798

Voluseg Mu et al.9,96 https://github.com/mikarubi/voluseg

Fiji (Imaging Analysis) NIH RRID:SCR_003070

BORIS Friard et al.97 https://www.boris.unito.it/

Custom Python scripts This study https://doi.org/10.5281/zenodo.14174436

ZBrain Randlett et al.76 https://zebrafishexplorer.zib.de/home/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Larval zebrafish
Experiments were conducted according to the guidelines of the National Institutes of Health and were approved by the Standing

Committee on the Use of Animals in Research of Harvard University. Animals were handled according IACUC protocols #1836

(Prober lab), 22-0216 (Ahrens lab), #2729 (Engert lab) and 18-11-340-1 (Fishman lab). For all experiments in larval zebrafish, we

used wild-type larval zebrafish (strains AB, WIK or TL), aged 5–8 days post-fertilization (dpf). We did not determine the sex of the

fish we used since it is indeterminate at this age. Fish were raised in shallow Petri dishes and fed ad libitum with paramecia after

4 dpf. Fish were raised on a 14 h:10 h light:dark cycle at around 27�C. All experiments were done during daylight hours (4–14 h after

lights on). All protocols and procedures were approved by the Harvard University/Faculty of Arts and Sciences Standing Committee

on the Use of Animals in Research and Teaching (Institutional Animal Care and Use Committee), and the Janelia Institutional Animal

Care and Use Committee.

For all behavioral experiments we used:

Wild type - strains AB and WIK

For imaging of astroglial calcium we used:

Cytosolic, red calcium indicator. Tg(gfap:jRGECO1a)9,96

For imaging of neuronal calcium we used:

Nuclear-localized, green calcium indicator. Tg(elavl3:H2B-jGCaMP7f)jf90 94

For optogenetic activation of norepinephrinergic neurons we used:

Channelrhodopsin expressed under dbh promoter. Tg(dbh:KalTA4);Tg(UAS:CoChR-eGFP)95

For chemogenetic activation of astroglia we used:

Rat transient receptor potential cation channel subfamily V member 1 (TRPV1) expressed under gfap promoter. Tg(gfap:TRPV1-

T2A-eGFP)jf64 (this paper)

For imaging extracellular norepinephrine concentrations we used:

GRABNE2h
78 green fluorescent extracellular norepinephrine sensor expressed under elavl3 promoter. Tg(elavl3:GRABNE2h)

(this paper).

For imaging extracellular serotonin concentrations we used:

GRAB5-HT2.0
98 green fluorescent extracellular serotonin sensor expressed under elavl3 promoter. Tg(elavl3:GRAB5-HT2.0) (ZFIN

ct876Tg) (this paper).

Mice
For mouse experiments, female and male adult mice were used and randomly assigned to experimental groups. There was no influ-

ence or association of sex on the findings. All mice were healthy, and nonewere excluded from the analysis. Miceweremaintained on

a 12-hour light/dark cycle, housed in groups no larger than five, and received food and water ad libitum. All mouse experiments were

conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals and protocols

approved by the Animal Care and Use Committee at Johns Hopkins University.

For astrocyte imaging experiments during tail suspension test and ketamine injection we used:

Aldh1l1-CreER;GCaMP6s57,99 transgenic mice

For neuronal imaging experiments we used:

Thy1-jRGECO1a (RRID:IMSR_JAX:030526) transgenic mice

METHOD DETAILS

Zebrafish transgenesis
We generated the Tg(gfap:TRPV1-T2A-eGFP)jf64, Tg(elavl3:GRABNE2h)and Tg(elavl3:GRAB5-HT2.0) lines used in this paper. The lines

were generated in a casper background100 using the Tol2 method.101

Embedding of larval zebrafish for tail-tracking experiments
Larval zebrafish aged 6-8 dpf were embedded in small round Petri dishes (e.g. Corning #351006); importantly, dishes should not be

tissue culture-treated to allow agarose to adhere. Solutions of 2% low melting-point agarose (Sigma-Aldrich A9414) were prepared

by heating powdered agarose in system water and agitating until solution was clear. The 2% agarose solution was kept at 42-48 de-

grees Celsius. To embed fish, a small amount of 2% agarose solution was pipetted in themiddle of a Petri dish. A larval zebrafish was

then transferred, using either a small glass or Pasteur pipette, taking care to minimize addition of water to the agarose solution during

transfer. Using either small forceps or a small (�10-100 mL) plasticmicropipette tip, larval zebrafishwere gently rotated until theywere

dorsal side up. Fish often struggle when transferred to the agarose solution, so care should be taken to keep fish righted until agarose

solidifies. Once the agarose solidified, we freed the tail of the fish by carefully cutting away the hardened agarose around the tail with a

micro-scalpel (Fine Science Tools 10315-12). Care should be taken to remove enough agarose to prevent the tail from hitting or

becoming stuck on agarose during swimming or struggle.
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Pharmacological treatment of larval zebrafish
Approximately 10-20 larval zebrafish aged 6-8 dpf were transferred to single wells in 12-well plates containing 2mL of fishwater (8-12

fish/well). Quantities of either the experimental pharmacological compound (Table S1) or vehicle control were added and fish were

incubated for one hour. Fish were then washed three times in a larger Petri dish and then allowed to recover for one hour, following

which experimentation would begin. In the case of the hydrocortisone treatment, fish were incubated for 48h from 5dpf to 7dpf and

kept in hydrocortisone water during experimentation. For the MS-222 experiments, to avoid pH effects, the solution was buffered

with 10mM HEPES and pH adjusted to 6.8-7.4 using a 1M solution of NaOH.

For Figure 1E and all other imaging experiments, fish were first embedded in agarose as described above and then treated with

either the pharmacological compound or vehicle control.

Tail-tracking of embedded larval zebrafish and visual stimulus
For all behavioral experiments involving embedded larval zebrafish, we used a previously published, custom-build behavioral rig and

custom-written code.102 Briefly, we illuminated the fish and its environment using infrared light-emitting diode panels (wavelength

940 nm, Cop Security). The tail-posture of the fish was tracked using a camera (Grasshopper3-NIR, FLIR Systems) with a zoom

lens (Zoom 7000, 18–108 mm, Navitar) and a long-pass filter (R72, Hoya). We determined the posture of the tail, as well as its tip

angle, by analyzing the position of �25 equally spaced, user-defined key points along its length. Posture was determined and re-

corded in real-time at 90 Hz using custom-written Python scripts (Python 3.7, OpenCV 4.1). Tail vigor was calculated as the standard

deviation of the tail angle, using a 500ms rolling window. The visual stimuli consisted of gratings (bright and dark bars,�10mmwide)

underneath that could bemoved forward or backward relative to the fish. The code for the specific protocol used during the giving up

assay can be found in GitHub (https://doi.org/10.5281/zenodo.14174436).

Tracking of freely swimming larval zebrafish
For all behavioral experiments involving freely-swimming larval zebrafish (Figures S1C, S1F, and S1G), we also used a previously

published, custom-build behavioral rig and custom-written code.102 The illumination and detection of freely swimming fish used

the same behavioral rigs as described for embedded fish. To track the position of fish and determine swim bouts in real time at

90 Hz, we used custom-written Python scripts (Python 3.7, OpenCV 4.1). The background of the camera image was subtracted

and the body of the fish identified by center of mass. Orientation was determined as the axis of largest pixel variance in the identified

body. Swim bouts were detected by computing a 50-ms rolling variance and identifying thresholded peaks.

Passivity computation in zebrafish
Passive periods were operationally defined to be periods greater than 10 s in length in which the fish did not perform a swim bout. To

determine the percentage of the open-loop interval spent passive per trial, the total length of all passive periods within the open-loop

interval of a trial was summed and the sum divided by the length of the open-loop interval. The same computation was performed to

determine passive fraction for closed-loop intervals as well. To account for variability between different clutches, open-loop passivity

was normalized to vehicle-treated controls from the same clutch (Norm. passivity). Raw passivity values were provided for Figures 1

and 2H for illustrative purposes.

Epifluorescence imaging of neurons and radial astrocytes in embedded larval zebrafish
Larval zebrafish aged 6-8 dpf were embedded in small round petri dishes and their tails freed as described previously. To image neu-

rons, we used previously published fish lines (see Fish Lines section) Tg(elavl3:H2B-GCaMP7f) for neural imaging and Tg(gfap:jRGE-

CO1a) for astroglial imaging. Imaging was performed using a dissecting microscope (Olympus MVX10) with a CMOS camera (IDS

Imaging UI-3370CP-NIR) and an LED lamp for fluorescent imaging (X-Cite 120 LED mini). For analysis, each video frame was regis-

tered to a reference brain using OpenCV and fluorescence in each defined brain region was extracted with manually segmented

masks. Fluorescence Z-score was calculated as the difference between mean total fluorescence before treatment subtracted to

average baseline fluorescence, divided by the standard deviation of total fluorescence before treatment, for each mask.

Confocal imaging of extracellular norepinephrine and astroglial calcium in zebrafish
Larval zebrafish aged 6-8 dpf of the line Tg(elavl3:GRABNE2h);Tg(gfap:jRGECO1a) were embedded in small round petri dishes and

their tails freed as described previously. Two-color imaging was performed at 0.5 Hz using a Zeiss LSM 980 NLO confocal micro-

scope (488 and 561 nm laser illumination) with a 20x magnification objective (Zeiss #421452-9800-000). Ketamine (200 mg/L) was

added to the bath with a 200 mL micropipette at 100 frames. For experiments in which prazosin was added prior to imaging, fish

were incubated in prazosin (100 mM in bath) for at least 2 h before embedding. For experiments in which MS-222 was added prior

to imaging, fish were incubated in MS-222 (150 mg/L) for at least 30 min prior to imaging. Fluorescence was extracted with manually

segmented masks. For each fish, the same mask was used for the green and red channels. DF/F calculations were performed as

described above.
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Fictive behavior in virtual reality and light-sheet imaging in zebrafish
The setup used for fictive behavior during light-sheet imaging was adapted fromMu et al.9, using a single laser beam and illumination

objective. Animals in fictive-behavior experiments for light-sheet imaging were not paralyzed. Fish were directly transferred to an

acrylic pedestal in a custom-fabricated sample holder with glass windows allowing side illumination and immobilized with 2%

agarose. Agarose was removed by hand over a small square in the tail to allow access for the electrodes while still restricting overall

movement, and agarose was removed around the head tominimize aberration of the light-sheet illumination of the brain. One suction

electrode (�60 mm inner diameter) filled with external solution, was placed over the dorsal side of the fish’s tail and attached with

gentle negative pressure. The voltage signal recorded by this tail was amplified and filtered (band-pass 300 Hz - 3 kHz) with a

MultiClamp 700B amplifier. This signal was then smoothed through convolution with an exponential filter and used as the ‘swim

signal’.

For the struggle analysis performed in Figures 8 and S8, we first detected swims by detecting peaks in the swim signal (minimum

inter-peak interval > 500 ms). We then z-scored swim amplitudes and manually set a z-score threshold for each fish, above which a

swim would be classified as a struggle. The same set of z-score thresholds were used to analyze neural and glial activity.

Analysis of zebrafish light-sheet calcium imaging data
We extracted cell segments from raw fluorescence data with a volumetric segmentation pipeline available from https://github.com/

mikarubi/voluseg, and described previously.9,53 We calculated DF/F for each cell segment using a 100s rolling baseline window as

described in Yang et al..53 For the acute ketamine imaging, we calculated the log2 fold change for each cell segment as:

log2FC = log2

�
Average DF=FAfter ketamine

Average DF=FBefore ketamine

�

For the activation-inhibition maps, we sorted cell segments according to the fold change and plotted the top 5% most activated

and inhibited segments, for each fish.

For the fictive behavior calcium imaging data, we ran the segmentation and obtained DF/F for each cell segment as

described above.

For the statistical analysis across atlas brain regions for Figure 4, we bootstrapped a 95% confidence interval in shuffled data by

shuffling the brain area ID corresponding to each segmented unit, then taking the top 5% of shuffled units to calculate a mean acti-

vation for each brain region. This was repeated separately for all fish, then a mean taken across fish to complete a single bootstrap

trial. We repeated the bootstrapping process 10,000 times, then took the 2.5 and 97.5 percentiles to generate the confidence interval.

Registration of different zebrafish brain volumes and Z-Brain masks
To compare results across fish we registered all experiments to a representative brain volume, using BigStream (https://github.com/

JaneliaSciComp/bigstream).

For the light-sheet calcium imaging data, after registration of all experimental volumes together, we registered a Z-Brain reference

H2B-mCherry volume76 to the representative brain volume and applied the same transformation to previously defined reference

masks (total of 294 masks) for every brain region.

Optogenetic and chemogenetic activation experiments in zebrafish
For the optogenetic experiments, Tg(dbh:KalTA4);Tg(UAS:CoChR-eGFP)81,95 fish were incrossed and their larvae raised until 6-8

dpf. Fish were screened using an epifluorescence scope and selected according to the GFP signal in NE-MO cells, and raised to

6-8 dpf. Positive fish were then placed on top of a 16x16 blue LEDmatrix and stimulated for 30minutes with blue light (0.3W, Newegg

#9SIA9DCJ4V0029) or control ambient light. After 1h recovery, fishwere assayed in our futility-induced passivity test. For the imaging

experiments, positive fish also expressing Tg(gfap:jRGECO1a) were imaged in a confocal microscope and stimulated from the top

using a blue light (450-460nm) LED source (UltraFire #WF-508BL) for 5 seconds.

For the chemogenetic experiments, Tg(gfap:TRPV1-T2A-eGFP)jf64 were crossed with WT fish from a casper background. Fish

were screened using an epifluorescence scope and selected according to the GFP signal in hindbrain and spinal cord glia, and raised

to 6-8 dpf. Positive fish were then incubated with 2mM capsaicin (Sigma #12084 ) in fish water (0.025% DMSO final concentration) or

an equivalent concentration of vehicle for 20-30minutes. Fish were thenwashed and placed in fresh fish water. After 1h recovery, fish

were assayed in our futility-induced passivity test.

Tamoxifen preparation and induction in mouse
Conditional knockin Rosa26-lsl-GCaMP6s99 and Aldh1l1-CreER57 mouse lines have been previously described. To induce

GCaMP6s expression in Aldh1l1-CreER;GCaMP6s transgenic mice, tamoxifen (TAM) (Sigma-Aldrich, T5648) was freshly prepared

on the first day of the injection at 10mg/mL in sunflower seed oil (Sigma-Aldrich, S5007) through intermittent sonication at room tem-

perature (RT). Adult (> 6 weeks) mice were injected intraperitoneally (i.p.) with a dosage of 100 mg/kg body weight (b.w.) for five

consecutive days, once per day. Every injection was at least 20 hours (hrs) apart. The remaining tamoxifen solution was stored at

4�C in the dark for a maximum of 5 days. All experiments were performed at least 2 weeks after the last tamoxifen injection.
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Head plate installation and cranial window surgery in mouse
The day before cranial window surgery, dexamethasone (VetOne, NDC#13985-037-02) was given through drinking water to the

mice (1 mg/kg) that completed TAM administration (see above). The next day, animals were anesthetized with inhaled isoflurane

(0.25-5%) and placed in a custom-made stereotaxic frame. Surgery was performed under standard and sterile conditions. After

hair removal and lidocaine application (1%, VetOne, NDC 13985-222-04), the mouse’s skull surrounding the left retrosplenial cortex

was exposed and the connective tissue was carefully removed. VetbondTM (3M) was used to close the incision site. A custom-

made metal head plate was fixed to the cleaned skull using dental cement (C&B Metabond, Parkell Inc.). A 3-mm diameter circular

craniotomy was then performed using a high-speed dental drill bit. The center of the craniotomy was located 1 mm lateral to

lambda. Dura was left intact and the cranial window was then sealed with a custom-made 3 mm diameter circular #1 (0.17 mm)

coverslip using VetbondTM. A layer of cyanoacrylate (Krazy Glue) was applied on top of the Vetbond to secure the coverslip. An-

imals recovered in their home cages for at least 2 weeks before imaging.

In vivo 2P imaging during tail suspension
For two-photonmicroscopy of tail suspension, aminiature two-photonmicroscope (FHIRM-TPMV2.0, Field of view: 190 3 190mm2;

Resolution: 650 nm; working distance: 400 mm) was employed. Imaging data were acquired using the imaging software (GINKGO-

MTPM, Transcend Vivoscope Biotech Co., Ltd, China) at a frame rate of 9.57 Hz (440 x 380 pixels) with a femtosecond fiber laser

(920 nm, 35 mW at the objective, TVS-FL-01, Transcend Vivoscope Biotech Co., Ltd, China). A webcam was used to capture the

behavioral data at 25 Hz. Mice were habituated to the weight of the fiber over the course of one week prior to tail suspension. For

the tail suspension, mouse was suspended by its tail from a rod suspended 20 cm above the table with adhesive tape placed

1 cm. Mice were suspended for a total of 7 minutes, and the time where the animal remained immobile was quantified over the

last 6 minutes of the recording.

In vivo 2P laser scanning microscopy and ketamine delivery for astrocyte Ca2+ activity in mouse
Two-photon laser scanning microscopy was performed with a Zeiss LSM 710 microscope equipped with a GaAsP detector, which

uses a mode-locked Ti-Sapphire laser (Coherent Chameleon Ultra II) tuned to 920 nm. The head of the mouse was immobilized by

attaching the head plate to a custom-made stage mounted on a vibration isolation table, and the body of the mouse was housed in a

custom-made plastic restrainer. Images were collected 100 – 150 mm below dura using a coverslip-corrected Zeiss 20x/1.0 W Plan-

Apochromat objective with a pixel dwelling time of 1.58ms and scanning speed of 2 Hz.Mice were kept on the stage for nomore than

two hours and all in vivo imaging experiments were performed during the day.

For in vivo ketamine delivery, an I.P. catheter was inserted into the lower right quadrant of the animal’s abdomen (DDP Medical,

Cat. 405311). Animals were then imaged as described above. Within 15-30 minutes of the initiating imaging, animals were injected

intraperitoneally with ketamine (20 mg/kg; MWIAH; dissolved in 0.9% NaCl) or vehicle (0.9% NaCl). In experiments with a2-adren-

ergic agonist, 20 mg/kg ketamine was co-administered with dexmedetomidine (0.01 mg/kg; PRECEDEX).

Analysis of mouse imaging data
2P images were motion corrected using moco,103 and background noise was filtered with a Kalman filter.104 DF/F was calculated

across the whole field as well as individual astrocyte cell bodies by defining F0 as the bottom 10th percentile of intensities prior

to ketamine administration. For tail suspension experiments, F0 was defined as the bottom 10th percentile of intensities across

the entire imaging session. Animal behavior during tail suspension were scored manually using BORIS.97

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed in GraphPad Prism. When comparing two groups, we used two-tailed t-test for normally distrib-

uted data, and two-sidedMann-Whitney rank test otherwise. Formultiple group comparisons, we used one-way or two-way ANOVA,

followed by multi-comparison test. Exact p values are reported in the figure legends, along with the sample number for each group

and statistical test description. All results were represented as mean ± SEM.
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