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Abstract

Rapid-acting antidepressants like ketamine hold promise to change the approach to
treatment of major depressive disorder (MDD),' ™ but their cellular and molecular targets
remain unclear. Passivity induced by behavioral futility underlies learned helplessness, a
process that becomes maladaptive in MDD.*® Antidepressants inhibit futility-induced
passivity (FIP) in rodent models such as the forced swimming® or tail suspension’
tasks, but these models lack the throughput and accessibility for screening compounds
and investigating their effects on the brain in vivo. Therefore, we adapted a recently
discovered FIP behavior® in the small and optically accessible larval zebrafish to create
a scalable behavioral assay for antidepressant action. We found that rapid-acting
antidepressants with diverse pharmacological targets demonstrated a suppression of FIP
conserved between fish and rodents. While fast-acting antidepressants are thought to
primarily target neurons,” " '¥ using brain-wide imaging in vivo we found, surprisingly,
that ketamine, but not psychedelics or typical antidepressants, drove cytosolic calcium
elevation in astroglia lasting many minutes. Blocking neural activity did not prevent
ketamine’s effects on FIP or astroglial calcium, suggesting an astroglia-autonomous
mechanism of ketamine’s action. Chemogenetic and optogenetic perturbations of astroglia
reveal that the aftereffects of calcium elevation are sufficient to suppress FIP by inhibiting
astroglial integration of futile swimming. In sum, our work provides evidence that
ketamine exerts its antidepressant effects by inhibiting an astroglial population that
integrates futility and changes behavioral state. Astroglia play central roles in modulating
circuit dynamics,'' and our work argues that targeting astroglial signaling may be a
fruitful strategy for designing new rapid-acting antidepressants.
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Main Text

Background

Major depressive disorder (MDD) is a debilitating and widespread condition that is
among the most prevalent causes of disability and one of the largest burdens on public
health worldwide.!? '* Moreover, the prevalence of MDD has seen a significant increase
across the world due to the COVID-19 pandemic.'* Therefore, understanding the
mechanisms underlying MDD and finding effective treatments is of significant interest
to public health. Current pharmacological treatments for MDD are believed to target
monoaminergic systems, primarily through blockade of serotonin and/or norepinephrine
reuptake in neurons.'” These agents have many side effects, take weeks to begin
alleviating symptoms, and fail to have any therapeutic benefit in ~ 30% of cases.'”
Recently the field has changed dramatically with the advent of fast-acting antidepressant
compounds such as ketamine'>? and psilocybin.” These compounds relieve symptoms
in many patients with MDD resistant to conventional treatments, but their use is
complicated by their hallucinogenic side-effects and a potential for abuse.'® A better
understanding of fast antidepressants’ mechanism of action may shed light on MDD and
is essential for generating new therapeutics with safer profiles.

When an individual’s attempts to escape an aversive situation are met with futility, the
individual will discount the efficacy or value of active struggle and become passive.*> % 17+ 18
While futility-induced passivity is ordinarily adaptive in preventing fruitless energy
expenditure, maladaptive passivity in response to behavioral futility manifests as learned
helplessness® or hopelessness, a key clinical criterion for MDD.'? Futility-induced passivity
forms the basis for standard preclinical models of antidepressant activity in rodents,
such as the forced swimming,® and the tail suspension” tests (FST/TST). The prevailing
view is that classical and fast-acting antidepressants decrease futility-induced passivity
primarily through their actions on neurons, and more specifically by affecting activity
in circuits such as the prefrontal cortex,’’ habenula,'®?! serotonergic raphe,'® and
many other brain regions. However, a mounting body of evidence shows that astrocytes
and other glial cells play important roles in the generation of behavior through their
modulation of neural circuits.!' Indeed, studies in humans®? and animals®® have raised
the possibility that astrocytes might also play important roles in both depression
and antidepressant action, but the in vivo effects of fast antidepressants on astrocyte
physiology have not been described. Recently, astrocyte-like cells®?* have been found to
drive futility-induced passivity in larval zebrafish,® which motivates studying the effects
of fast antidepressants in this behavior.

Furthermore, the larval zebrafish’s small size and optical transparency have enabled
drug discovery””?® and brain-wide imaging of neural”’”?® and glial® activity at cellular
resolution during behavior, approaches that are difficult?” in conventional rodent assays.
Given the similarities between a recently reported futility-induced passivity behavior
in larval zebrafish® and established rodent FST/TST paradigms, we hypothesized that
we could leverage futility-induced passivity in larval zebrafish to develop a scalable
behavioral assay, combinable with whole-brain imaging, for the screening of fast-acting
antidepressants. We demonstrate that our assay, which we term the zebrafish
futile swimming test (zFST) (1) yields results consistent with other preclinical
models of fast antidepressant action and (2) discovers that ketamine-like fast-
acting antidepressants drive long-lasting astroglial calcium activity sufficient
for their antidepressant effects in vivo.
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Figure 1. Ketamine sup-
presses immobility in a fu-
tile swimming test for lar-
val zebrafish. (A) Schematic of
experimental workflow for imag-
ing swimming behavior in unpar-
alyzed larval zebrafish. Unpara-
lyzed larval zebrafish are imaged
and tail posture extracted in real
time. Tail posture information is
used to control a projector that
displays optic flow stimuli (drift-
ing gratings) to drive swimming.
(B) Trial structure: 60 s of rest (no
stimulus), 60 s of effective swim-
ming (‘closed-loop’, forward optic
flow, visual feedback), then 120
s of futile swimming (‘open-loop’,
forward optic flow, no visual feed-
back), 10 to 15 repeated trials.
(C) Timeline of experiments test-
ing ketamine’s effect in the zFST.
(D) Example trials for untreated
control fish (top) and ketamine-
treated fish (bottom). 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. (E) Ketamine-treated fish
spend less time passive (periods
;10 s with no swimming) than
untreated controls during open
loop. (F) Dose-response curve of
ketamine’s suppression of open-
loop passive time. All error bars
denote standard error of the mean
(s.eem.) * p < 0.05 ** p < 0.01.

Ketamine decreases passivity in the zFST

We created the zFST to assay futility-induced passivity in unparalyzed, head-restrained
larval zebrafish (Fig. la). To that end, we embedded fish in agarose such that their
heads were fixed in place and their tails free to move. Using a custom-built behavior
rig and software, we detected swimming in real time while delivering visual stimuli
consisting of gratings that could move forward or backward. Trials (Fig. 1b) consisted
of three different time periods, ‘rest,” ‘closed loop,” and ‘open loop.” During rest periods,
gratings were stationary. During closed-loop periods, gratings steadily drifted forward to
drive swimming via the optomotor response, a position-stabilizing reflex.?” If fish swam
during closed-loop, the forward-moving gratings would slow down or reverse direction, a
visual feedback signaling forward self-motion; thus, a fish’s swims are effective during
closed-loop. During open-loop, gratings drifted forward with the same velocity as in
closed-loop, but swimming did not elicit any visual feedback. In other words, swimming
was futile. The open-loop period constitutes an inescapable behavioral challenge as in the
rodent FST. Therefore, the key behavioral variable assayed by the zFST is the percentage
of the open-loop period spent passive. On the other hand, closed-loop passivity and
closed-loop swim rate serve as controls for drugs’ potential hyperlocomotion-inducing
effects.
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As an initial validation, we tested the effects of ketamine on futility-induced passivity
in the zFST (Fig. 1c). Ketamine is an NMDA receptor (NMDAR) antagonist widely used
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as a rapid-acting dissociative anesthetic. Recent work suggests that at lower doses, after
the dissociative effects disappear, ketamine elicits persistent antidepressant action.':?
This fast-acting nature and sustained efficacy following a single dose holds great promise
as a new approach to MDD.! We treated larval zebrafish with ketamine for one hour
then allowed them to recover from the acute anesthetic effects for an hour in fish water
(Fig. 1c). We then subjected these fish and untreated sibling controls to the zFST. We
observed regular swimming in both treated and control fish during closed-loop periods
(Fig. 1d, Supplementary Video 1) and in separate experiments in unrestrained fish
(Extended Data Fig. la-c, Supplementary Discussion). This indicates that ketamine
does not cause hyperlocomotion in larval zebrafish. In open-loop, however, we observed
that control fish exhibit periods of struggle characterized by larger, uncoordinated tail
deflections (Fig. 1d, Extended Data Fig. 1d, Supplementary Video 1) as well as periods
of passivity characterized by a lack of swimming (Fig. 1d-e). Therefore, as in the rodent
FST/TST, behavioral futility drives passivity in the zFST. Notably, ketamine treatment
significantly decreased passivity during open-loop (Fig. 1d-e, Supplementary Video
2) in a dose-dependent manner (Fig. 1f). This decrease in passivity was not due to
an inability of fish to struggle or distinguish closed from open loop (Extended Data
Fig. 1le), nor was it due to motor rebound from anesthesia (Extended Data Fig. 2,
Supplementary Discussion). These results are consistent with observations made in a
previously published passive coping behavior in older zebrafish'® as well as in the rodent
FST/TST.

zFST generalizability and specificity

To characterize the generalizability and specificity of the zFST, we tested the effects of
a variety of fast-acting and classical antidepressants (Fig. 2a, Extended Data Fig. 3).
We found that previously reported fast antidepressants targeting either NMDA receptor
(ketamine, MK-801, DXM) (Fig. 2b, Extended Data Fig. 3a) or serotonergic (DOI) (Fig.
2c) signaling decreased passivity in the zF'ST. We also tested a 5-HT2A receptor agonist,
TCB-2,%" that to our knowledge has not been characterized in rodent passivity models.
TCB-2 treatment likewise resulted in a suppression of passivity in the zFST (Fig. 2c¢),
so we predict that it, similarly to other psychedelics like LSD, DOI and psilocybin,*!> %2
could have antidepressant effects in other models. One of the drawbacks for therapeutic
use of ketamine and classical psychedelics is their potential for hallucinogenic effects.
This has led to the generation of psychedelic analogs with diverse chemical structures
and pharmacological targets that are predicted to reduce these dissociative effects.?* "
We found that these compounds also significantly reduce passivity in the zFST (Fig. 2a,
Extended Data Fig. 3b-c)), validating our assay for this new generation of antidepressant
compounds and demonstrating a conservation of their effects across species.

By contrast, consistent with their lack of single-dose antidepressant effects in rodents
and humans, the classical antidepressants fluoxetine or (S)-citalopram (SSRIs) and
desipramine (TCAs) showed no passivity-suppressing effects after a single, one-hour
dose (Fig. 2d). Interestingly, (2R,6R)-hydroxynorketamine, a pharmacologically inert*"
metabolite of ketamine that has been reported to decrease passivity in the rodent FST,”
had no effect on passivity in the zFST (Extended Data Fig. 3d), raising the possibility
that it acts through pathways not found in the larval zebrafish and separate from
ketamine’s action. Finally, as an additional test of specificity, we assayed NMDAR
antagonists that have no reported antidepressant effects in humans. These compounds
are memantine, a low-affinity antagonist binding the same site as ketamine/MK-801,
and AP5, a competitive antagonist with a different binding site. Although AP5-like
compounds have been reported to have antidepressant effects in rodent FST models,”
we found that AP5 did not significantly decrease passivity in the zFST (Extended Data
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Fig. 3e). Similarly, replicating results in rodents,”® we found a similar lack of effect for
memantine (Extended Data Fig. 3f). Thus, our assay can distinguish between different
compounds that all target the same receptor but bind different sites.
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In addition to fast-acting effects, we also assayed compounds’ persistent effects on
passivity by testing animals in the zFST twenty-four hours after treatment (Fig. 2e-g).
We found that in our assay, of the drugs tested only the phencyclidine-site NMDAR
antagonists ketamine and MK-801 retained a passivity-suppressing effect after 24 h (Fig.
2e). In contrast, the classical antidepressants we tested showed no long-lasting effect
following a single dose (Fig. 2g). Surprisingly, however, while the psychedelic 5-HT2AR
agonists we tested exhibited a strong acute suppression in passivity, we observed no
passivity suppressing effect in the zFST after 24 h (Fig. 2f). These results suggest that,
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Figure 3. Ketamine trig-
gers a long-lasting calcium el-
evation in astroglia indepen-
dent of neural activity. (A)
Fish expressing the calcium in-
dicator jJRGECO1la in astroglia
were imaged using an epifluores-
cence microscope. (B) Fluores-
cence micrographs of JRGECO1la
signal in an example fish at three
time points illustrating elevation
and return to baseline of cytoso-
lic calcium in presence of ke-
tamine. Scale bar 50um. (C)
Heatmap of glial JRGECO1a sig-
nal in four ROIs (left) for fish
in (B). Pink bar indicates ke-
tamine in bath. (D) Hindbrain
JRGECO1a fluorescence change in
an example fish treated with ke-
tamine or vehicle (control). Short
increases in astrocytic calcium
during struggles in control fish are
indicated by gray arrowheads. (E)
Average hindbrain fluorescence
change following treatment with
listed compounds. Ketamine or
MK-801 (NMDAR antagonists),
but not fluoxetine (SSRI), DOI
(5-HT2AR agonist), or MS-222
(anesthetic), elevate cytosolic as-
troglial calcium. (F) Timeline of
experiments testing whether neu-
ral activity is required for the
effects of ketamine. (G) Hind-
brain jRGECOla fluorescence
change following treatment with
ketamine alone, MS-222 alone, or
ketamine and MS-222 together;
both elevate astroglial cytosolic
calcium. (cont. next page)

although phencyclidine-site NMDAR antagonists and psychedelics drive some convergent
changes in neural physiology, including enhanced plasticity and spinogenesis,”>*? they
might act through different circuits or pathways to drive long-term suppression of

depressive symptoms.

Ketamine elevates Ca2t in astroglia

The larval zebrafish, due to its optical accessibility, offers unique opportunities for
observing how fast antidepressants affect the dynamics of neurons and non-neuronal cells
across the entire brain. To illustrate the power of this approach, we performed brain-wide
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imaging during the administration
of compounds that possessed acute
passivity-suppressing effects (Fig. 3).
Because radial astrocytes have been
shown to drive futility-induced pas-
sivity in zebrafish,® we focused on
calcium activity in radial astrocytes
during and after ketamine treatment
(Fig. 3a, Extended Data Fig. 4a).

Strikingly, acute exposure to ke-
tamine induced a prolonged rise in
astroglial cytosolic calcium concen-
tration (Fig. 3b-d, Supplementary
Video 3), with elevated calcium lev-
els lasting over 20 minutes (Extended
Data Fig. 4b). Consistent with
its pharmacological profile similar
to ketamine, the phencyclidine-site
NMDAR antagonist MK-801 also
increased cytosolic calcium in as-
troglia to a similar extent as ke-
tamine (Fig. 3e). In contrast to
the effects of ketamine and MK-801,
the classical antidepressant fluoxe-
tine, the psychedelic DOI, and the
anesthetic MS-222 did not elevate cy-
tosolic calcium in astroglia (Fig. 3e).
These functional data further sup-
port our hypothesis that fast antide-
pressants targeting NMDA receptors
might act through different path-
ways from those targeting 5-HT2A
receptors and invite speculation that
physiological changes in astroglia re-
sulting from the long-lasting calcium
signaling triggered by phencyclidine-
site NMDAR antagonists might con-
tribute to their sustained passivity-
suppressing effects.

Ketamine and MK-801 both el-
evated astroglial calcium, but they
had different effects on neural activ-
ity (Extended Data Fig. 5). While
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Figure 3 (cont.) (H) Open-loop
passivity in zFST for fish treated
with ketamine, with or without
neural activity blocker MS-222.
Ketamine still suppresses passiv-
ity in the presence of MS-222.
Data for ketamine alone is the
same as in Fig 2B and is repeated
here for comparison. First three
conditions are repeated from Fig.
3E for comparison. All error bars
denote s.e.m. n.s. p > 0.05, *p <
0.05, **p < 0.01, ***p < 0.001.
F (z) for each fish was calculated
as the difference between mean to-
tal fluorescence before treatment
subtracted to total fluorescence
at a specific time point, divided
by the standard deviation of total
fluorescence before treatment, for
each mask, C, or hindbrain mask
E,G.

ketamine quickly inhibited neural activity across the brain (Extended Data Fig. 5a-c),
MK-801 lacked such an inhibitory effect (Extended Data Fig. 5d-e). How can two
compounds with such different acute effects on neural activity both lead to the same
passivity-suppressing effect in the zFST? The similar stimulatory effects of MK-801 and
ketamine on astroglial calcium, despite different effects on neural activity, led us to
hypothesize that phencyclidine-site NMDAR antagonists could act through astroglia in
a neural activity-independent manner.

To investigate the relative contributions of astroglial versus neural activity in me-
diating the effects of these compounds, we tested the behavioral effects of ketamine
and MK-801 in fish anesthetized with the sodium channel blocker MS-222 (Fig. 3f-
h). Treatment with MS-222 quickly suppressed neuronal activity in most brain areas
(Extended Data Fig. 6a-b) and occluded the acute effects of ketamine or MK-801 on
neuronal activity. However, ketamine and MK-801 still suppressed passivity in the zFST
when administered during anesthesia (Fig. 3h, Extended Data Fig. 6¢). This result
suggests that changes in spiking activity in neurons during the treatment of ketamine or
MK-801 is not necessary for the compounds’ passivity-suppressing effects. Remarkably,
ketamine treatment under anesthesia still caused glial calcium elevation in the hindbrain
similar to the calcium elevation observed in the absence of anesthesia (Fig. 3g). We
interpret this unexpected result as indicating that ketamine’s effects on glial calcium are
largely or fully independent of neural activity. The neural activity-independent effects
of ketamine’s action may explain clinical observations that ketamine has antidepressant
effects even when administered under general anesthesia.*'

Glial Ca?t sufficient to lower passivity

Finally, we tested whether elevations in astroglial calcium, similar to the rise we observed
during ketamine treatment, were sufficient to suppress passivity in the zFST after
recovery. During futility-induced passivity, futile swims trigger norepinephrine release,
and norepinephrine drives an accumulation of calcium in hindbrain astroglia.® Therefore,
we optogenetically activated norepinephrinergic neurons to elevate calcium in astroglia
(Fig. 4, Extended Data Fig. 7). As previously reported,® activation of NE neurons
expressing CoChR (Extended Data Fig. 7a-b) with blue (488 nm) light induced a
calcium rise in hindbrain radial astroglia similar to the increase in calcium observed
with ketamine but with a shorter duration Extended Data Fig. 7c-d). We found that
continuous stimulation of norepinephrinergic (NE) neurons for half an hour (Fig. 4a)
led to decreased passivity in the zFST (Fig. 4b) after an hour of recovery. Because
norepinephrine acts on neurons in addition to glia, we also chemogenetically activated
astroglia directly by generating a fish line expressing the rat transient receptor potential
V1 channel (TRPV1) in glia (Extended Data Fig. 7e). Native TRPV1 in zebrafish is
not sensitive to the chemical capsaicin. On the other hand, rat TRPV1 is activated by
capsaicin, leading to an influx of calcium; this approach has previously been validated
in radial astrocytes.®*?> We found that capsaicin treatment of fish expressing TRPV1
in astroglia for 30 minutes (Fig. 4c) also suppressed passivity in the zFST an hour
after washout (Fig. 4d-e). Altogether, these data suggest that the aftereffects of long-
lasting calcium elevation in astroglia, similar to those observed following treatment with
ketamine, are sufficient to suppress passivity in an assay for behavioral despair.

While acute increases in glial calcium during futile swimming drive passivity, the
aftereffects of much larger and longer elevations evoked by the application of ketamine,
and by our other manipulations, suppress passivity following recovery. To reconcile
the seemingly contradictory effects of astroglial calcium during futile swimming and
during ketamine administration, we hypothesized that although ketamine drives cytosolic
calcium elevation when administered, when astroglial calcium later returns to baseline
following washout and recovery, astroglia are less responsive to futile swims. If this
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Figure 4. Elevations in
astroglial calcium are suf-
ficient to suppress futility-
induced passivity after recov-
ery. (A) Timeline for exper-
iments testing effects of stimu-
lating glial calcium by activat-
ing norepinephrinergic (NE) neu-
rons. Transgenic fish expressing
the channelrhodopsin CoChR in
norepinephrinergic (NE) neurons
were continually stimulated op-
togenetically with blue (488 nm)
light for 30 minutes. Fish were
allowed to recover for an hour
then assayed for futile swimming
in the zFST. (B) Passivity nor-
malized to sibling, non-stimulated
controls. Optogenetic stimulation
suppressed passivity in the zF'ST
following recovery compared to
non-stimulated sibling controls
and non-expression controls stim-
ulated with blue light. (C) Time-
line for experiments testing ef-
fects of stimulating glial calcium
directly through chemogenetics,
Transgenic fish expressing rat
TRPV1 in astroglia were treated
with capsaicin for 30 min. Af-
ter 30 min, capsaicin was washed
out and fish allowed to recover
for 1 h before being tested in
the zF'ST. (D) Example swimming
of capsaicin-treated fish (bottom)
and untreated sibling controls
(top). Black, yellow, and red
segments above swim vigor trace
denote regular swimming, strug-
gling, and passivity, respectively.
(cont. next page)

is the case, then futile swimming should evoke smaller calcium transients in astroglia
after recovery from ketamine treatment than before ketamine treatment. To test our
hypothesis, we imaged futile swimming-induced transients prior to, and after ketamine
treatment (Fig. 4f), in addition to the effects of the treatment itself. Consistent with
previous report,” we observed that futile swims evoked astroglial calcium transients (Fig.
4g). Ketamine treatment resulted in a large sustained calcium elevation (Fig. 4h) as
shown in Figure 3. By contrast, following washout and recovery, futile swimming elicited
much smaller calcium transients (Fig. 4i-j). These data support our hypothesis that
ketamine exerts its passivity-suppressing aftereffects through suppression of astroglial
calcium signaling pathways sensitive to behavioral futility. The precise mechanism of this
suppression remains to be discovered. Interestingly, astrocytic calcium is also recruited by
transcranial direct current stimulation (tDCS) in rodents,? and the antidepressant effects
of tDCS require many of the same molecular components as the glial futility pathway in
larval zebrafish,® suggesting that ketamine might act through similar pathways.
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Figure 4 (Cont.) (E) Passiv-
ity normalized to untreated sib-
ling controls. Capsaicin-treated
fish exhibit decreased passivity
in the zFST, although the dis-
tribution of passivity duration is
bimodal. (F) Timeline of imag-
ing experiments to compare acute
futility-induced calcium signaling
in astroglia before and after ke-
tamine treatment. Three peri-
ods correspond to imaging peri-
ods for panels G-1. (G) Open-loop
swim-triggered jJRGECO1a signal
in hindbrain glia before ketamine
treatment. (H) Same graph shown
in Fig. 3D reproduced here for
comparison with panels G and I.
Note horizontal scale in minutes
rather than seconds. (I) Open-
loop swim-triggered jJRGECO1a
signal in hindbrain glia after ke-
tamine treatment. (J) Area under
the curve (AUC) for jJRGECO1la
signal following struggles in fish
before and after treatment. All
error bars denote s.e.m. *p <
0.05, **p < 0.01

Discussion

Rapid-acting antidepressants exert their effects by modulating the activity of many brain
regions, including the habenula,'®?! serotonergic system,'® and prefrontal cortex.?’
These drugs also bind a diverse array of molecular targets'%***° to elicit changes in
structural plasticity'? 3“0 and physiology.?! However, a framework that connects the
molecular and cellular effects of fast-acting antidepressants to their effects on circuit
dynamics remains lacking. Our work provides evidence that ketamine drives ultra-long
cytosolic calcium elevation in a population of hindbrain astroglial cells that integrate
futility and drive a behavioral state transition from active struggle to passivity.® This
calcium elevation drives changes in astroglial physiology that persist even when calcium
has returned to baseline and ketamine is no longer in the brain; astroglial responsiveness
to futility is blunted. Because the activation of astroglia in response to futility leads
to widespread inhibition of neural activity that accounts motor suppression,® our work
provides one mechanism through which the cell-physiological effects of ketamine can
explain its effects on circuit function and behavior.

The development of the forced swimming and tail suspension tests in rodents over four
decades ago marked an important step in the preclinical study of antidepressant action.
The FST and TST have been widely used since their inception to identify putatively
antidepressant compounds and to study the mechanisms through which those compounds
act. Indeed, behavioral pharmacology done using the FST has played an important role
in the study of how fast-acting antidepressants like ketamine function.>“ %% We believe
that our development of an analog of the FST for larval zebrafish constitutes a similar
advance for the larval zebrafish as a model system, with two much broader implications
for behavioral pharmacology and the neurobiology of depression and antidepressant
action:

(1) Our results connect the fields of glial biology and the neurobiology of depression.
Using our assay, we observed an unexpected stimulatory effect of the fast antidepressant
ketamine on astroglial calcium in vivo. Important work has previously described changes
to astrocyte physiology in depression,’® but ketamine is thought to act primarily on
neurons to exert its antidepressant action.?! Our results challenge this prevailing view
by showing that ketamine and ketamine-like drugs directly affect astroglial physiology,
likely counteracting the dysfunction that arises in depression. While we presented
evidence that the aftereffects of elevating cytosolic calcium in astroglia are sufficient to
suppress passivity, how ketamine drives calcium signaling in astroglia, what changes
occur to neural and glial physiology as a consequence, and whether these mechanisms
are conserved in other species, remain important open questions. Understanding how
fast-acting antidepressants act on non-neuronal cell types, in addition to neurons, will
lead to insight on the cellular and circuit pathways that go awry during major depressive
disorder and will inform the discovery and rational design of new fast and effective
therapeutics.

(2) Larval zebrafish have long been used for drug discovery and behavioral profiling
in high-throughput assays for simple behavioral phenotypes.?” Here we show that larval
zebrafish can also be used to assay complex behavioral phenotypes, including those
implicated in psychiatric disorders like depression, in ways that are higher-throughput
than in rodent counterparts. Furthermore, the optical and genetic accessibility of the
larval zebrafish presents a unique opportunity to investigate the effects of antidepressants
on both neurons and non-neuronal cells in the brain,’® not only in vivo but in the
behaving animal. Because larval zebrafish survive and behave for many hours following
head-fixation, the effects of these compounds can be studied over many timescales. In
addition, because the entire body of the fish is transparent, it could serve as a model for
the effects of antidepressants on the peripheral nervous system and other organ systems
in the future to identify the physiological mechanisms by which the many side effects of
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classical and fast antidepressants manifest.’”>*® The conserved effects of antidepressants
from fish to mammals, together with the genetic and optical accessibility of the larval
zebrafish, hold promise for understanding the underlying mechanisms from the molecular
to the body-wide scale.
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Methods

Experimental model and subject details. FExperiments 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 ITACUC protocols 2729 (Engert lab), 18-11-340-1 (Fishman lab), and 22-0216 (Ahrens
lab). For all experiments, we used wild-type larval zebrafish (strains AB, WIK or TL), aged 5-8days 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 (4-14h 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.

Fish lines.
For all behavioral experiments we used:
Wild type - strains AB and WIK: all panels of Fig. 1, all panels of Fig. 2, Fig. 3F-H, Fig. S1-3.
For imaging of astroglial calcium we used:
Cytosolic, red calcium indicator. Tg(gfap:jRGECOI1a): Fig. 3A-E, Fig. S4F-G**
For imaging of neuronal calcium we used:
Nuclear-localized, green calcium indicator. Tg(elavl3:H2B-jGCaMP7f)*0: Fig. S4A-E"
For optogenetic activation of norepinephrinergic neurons we used:
Channelrhodopsin expressed under dbh promoter. Tg(dbh:KalTA4); Tg(UAS:CoChR-eGFP): Fig. 4A-B, Fig. S5A-D°!
For chemogenetic activation of astroglia we used:
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Rat transient receptor potential cation channel subfamily V member 1 (TRPV1) expressed under gfap promoter.
Tg(gfap: TRPV1-T2A-eGFP)%4: Fig. 4C-E, Fig. S5E (this paper)

Transgenesis. We generated the Tg(gfap: TRPV1-T2A-eGFP )64 line for use in our chemogenetic activation experiments.
The line was generated in casper background®? using the Tol2 method.””

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 degrees Celsius. To
embed fish, a small amount of 2% agarose solution was pipetted in the middle 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 pL) plastic micropipette tip, larval zebrafish
were gently rotated until they were 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.

Pharmacological treatment of larval zebrafish. Approximately 10-20 larval zebrafish aged 6-8 dpf were transferred
to single wells in 12-well plates containing 2 mL of fish water (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.

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.”® Briefly,
we illuminated the fish and its environment using infrared light-emitting diode panels (wavelength 940nm, 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 recorded in real-time at 90 Hz using custom-written Python scripts (Python 3.7, OpenCV 4.1).

Tracking of freely swimming larval zebrafish. For all behavioral experiments involving freely-swimming larval
zebrafish, we also used a previously published, custom-build behavioral rig and custom-written code.”® 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. 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.

Epifluorescence imaging of neurons and radial astrocytes. Larval zebrafish aged 6-8 dpf were embedded in small
round petri dishes and their tails freed as described previously. To image neurons, we used previously published fish lines
Tg(elavl3:H2B-GCaMP7f) for neural imaging and Tg(gfap:jRGECO1a) for astroglial imaging. Imaging was performed
using a dissecting microscope (Olympus MVX10) with a CMOS camera (IDS Imaging UI-3370CP-NIR) and an LED
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lamp for fluorescent imaging (X-Cite 120 LED mini). For analysis, each video frame was registered 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.

Optogenetic and chemogenetic activation experiments. For the optogenetic experiments, Tg(dbh:CoChR-
eGFP)>'"% 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 LED matrix and stimulated for 30 minutes with blue light (0.3W, Newegg 9STA9DCJ4V0029) or control ambient light.
After 1h recovery, fish were assayed in the zFST. For the chemogenetic experiments, Tg(gfap: TRPVI-T2A-eGFP )% 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 2 uM
capsaicin (Sigma 12084) in fish water (0.025% DMSO final concentration) or an equivalent concentration of vehicle for
20-30 minutes. Fish were then washed and placed in fresh fish water. After 1h recovery, fish were assayed in the zFST.
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Supplementary Discussion

Ketamine does not affect baseline locomotion or optomotor response. Related to Figure 1. Because ketamine
treatment may have lasting effects on larval zebrafish’s swimming in baseline conditions, we performed several analyses
and experiments to verify that ketamine’s suppressive effects on futility-induced passivity were not due to systemic
changes in baseline fish behavior that persisted after 1h recovery. First, we compared swim vigor and frequency during
closed-loop between ketamine-treated and control fish and found that ketamine-treated fish did not differ significantly from
controls in either swim frequency or vigor (Extended Data Fig. la-b). As a further test of whether ketamine treatment
affects baseline swim drive following washout, we tracked freely swimming fish treated with ketamine or same-clutch
controls treated with vehicle as they swam freely in circular arenas with a bottom-projected, non-directional random
dot stimulus. We found that freely swimming control and ketamine-treated fish exhibit no difference in swim rate after
recovery (Extended Data Fig. 1c). Therefore, ketamine appears to have little effect on either baseline swimming or
swimming evoked by closed-loop forward gratings. Furthermore, ketamine seems not to affect motion vision in larval
zebrafish due to the similarity in stimulus-evoked swimming.

Addressing potential confounding factors for ketamine’s passivity-suppressing effect. Related to Figure 1.
We sought to rule out several trivial explanations for ketamine’s suppressive effects on passivity during the open-loop
conditions. First, ketamine might prevent the fish from distinguishing the open-loop from closed-loop conditions by
decreasing the fish’s ability to detect changes in its sensorimotor gain. To address this possibility, we analyzed the fish’s
swimming behavior during open-loop. We found that during open-loop, in response to a decrease in sensorimotor gain,
fish swam with higher vigor (Extended Data Fig. 1le), demonstrating intact gain adaptation. Moreover, fish still struggled
during open-loop (Fig. 1d), suggesting that futility-induced struggling remained intact.

Second, ketamine acts as an anesthetic in many animals, including larval zebrafish. Ketamine’s passivity-suppressing
effects in open-loop might be due to a rebound effect following recovery from anesthesia. We reasoned that this is unlikely
due to a lack of change in swimming behavior in either free-swimming or head-embedded closed loop conditions (Extended
Data Fig. 1). However, we also directly tested this possibility by treating fish with MS-222, a sodium channel blocker
used as an anesthetic in zebrafish but with no known anxiolytic or antidepressant effects. We treated fish in MS-222
for one hour and, following recovery, tested the fish or same-clutch controls treated with the vehicle in tail-free giving
up. As expected, both MS-222 and ketamine act as an anesthetic in fish and suppress swimming at the concentrations
tested (Extended Data Fig. 2a-b). However, we found that, in contrast to ketamine-treated fish, fish treated with MS-222
exhibited no decrease in passivity during open loop compared to controls (Extended Data Fig. 2c). Therefore, the
passivity-suppressing effects of ketamine during open loop are likely not a consequence of its anesthetic effects.
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Extended Data Figure 1. Additional closed-loop and open-loop swimming statistics in ketamine-treated
and control fish. (a) Average percentage of CL interval spent in the passive state. Individual dots represent trial
averages for each fish. Control and ketamine fish exhibit similar average % passive time in CL (t-test, p = 0.8921).
(b) A comparison of closed-loop (CL) swim rate in control and ketamine-treated fish. Individual dots represent trial
averages for each fish. Control and ketamine fish exhibit similar average swim rate (t-test, p = 0.5898). (c¢) A comparison
of closed-loop (CL) swim rate in control and ketamine-treated fish. Individual dots represent trial averages for each
fish. Control and ketamine fish exhibit similar average swim rate (t-test, p = 0.70). (d) Example snippet showing the
angle made by the tip of the tail relative to the fish’s long body axis during a 4 s period during open-loop swimming.
Three different bout types, a representative normal swim, turn (asymmetric tail angle) and struggle (large amplitude,
uncoordinated swimming), can be seen and are manually annotated. The observed turn transitions into a struggle with
little inter-swim interval, denoted by the arrow. (e) Average swim vigor (peak value of detected swim bouts yielded by
500 ms moving standard deviation (see Methods) during open loop plotted against average swim vigor during closed loop.
Each point represents the trial average of an individual fish. While the OL to CL ratio does not differ between control
and ketamine-treated fish (t-test on slope, p = 0.7097 ), both control and ketamine-treated fish exhibited more vigorous
swimming in OL than in CL (paired t-test mean vigor OL-CL > 0 p = 0.0268 for ketamine, p = 0.0347 for control). All
error bars represent s.e.m.
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Extended Data Figure 2. The anesthetic tricaine (MS-222) does not decrease open-loop passivity following
1 h recovery, but anesthetizes the fish and blocks neuronal activity. (a-b) Comparison of ketamine and tricaine’s
anesthetic effects. Traces represent mean and s.e.m of swim rate across fish following application of either (a) ketamine or
(b) tricaine (MS-222). (c) Average percentage of open-loop (OL) interval spent passive in fish treated with tricaine for 1 h
and allowed to recover for 1 h versus fish treated with vehicle control. There is no significant reduction in passivity during
the OL period in tricaine-treated fish relative to control (two-tailed t-test, p = 0.1301, n = 8).
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Extended Data Figure 3. Additional compounds tested in our assay. (a-f) Effect on passivity in the zFST test
after treatment with compounds shown in Figure 2A compared to their same clutch controls. All error bars represent
s.e.m. Two-tailed t-test with p-value indicated in each plot and number of fish above each bar.
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Extended Data Figure 4. Astroglial calcium imaging during ketamine treatment: individual fish results
and summary statistics. (a) Mean astroglial fluorescence from hindbrain ROI for jJRGECO in different fish after
ketamine treatment. (b) Amplitude and latency (time to peak after ketamine administration) of the astrocytic calcium
wave induced by ketamine (n = 4 fish). Mean+SEM Amplitude = 1414s £242.9. Latency = 285.4s £105.7.
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Extended Data Figure 5. Additional data on MK-801 and ketamine effects on neuronal activity and
behavior. (a)Transgenic fish expressing the nuclear calcium indicator H2B-GCaMP7f in neurons using the elavl3
promoter were imaged using an epifluorescence microscope. Panel shows seven regions of interest (different colors) across
the brain where we measured activity. (b) Example heatmaps showing dF/F for each region of interest after treatment
with ketamine. Pink bar above heatmap denotes time when ketamine is in bath. (¢) Mean fluorescence across all ROIs (n
= 4 fish) after treatment with ketamine. (d) Example heatmaps showing dF/F for each region of interest after treatment
with MK-801. Blue bar above heatmap denotes time when MK-801 is in bath. (e) Mean fluorescence across all ROIs (n =
4 fish) after treatment with MK-801.
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Extended Data Figure 6. Effects of MS-222 on neural activity and behavior. (a) Fluorescence micrograph
images in an example H2B-GCaMP17 fish (i) immediately prior to MS-222 addition at t = 0 min, (ii) at t = 6 min and
(iii) at t = 14 min when cytosolic calcium has decreased in most brain areas. Purple bar denotes times when MS-222 is in
the bath. (b) Time course of neuronal H2B-GCaMP7f signal in seven regions of interest (different colors, left). MS-222
addition indicated by arrow and evident from small fluorescence artifact. Note decrease of activity in most brain areas by
300s, specially in the forebrain. (c) Open-loop passivity in zFST for fish treated with MK-801, with or without neural
activity blocker MS-222. MK-801, similar to ketamine, still suppresses passivity in the presence of MS-222. **** p;0.0001
with two-tailed t-test with Bonferroni correction. Control group is shared with Fig. 3G and so is repeated here. (b-c)
Scale bar 50 pm.
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Extended Data Figure 7. Supplementary information regarding optogenetic and chemogenetic experiments.
(a) Overlaid fluorescence and transmitted light image of a larval zebrafish expressing eGFP-fused CoChR (a channel-
rhodopsin) under the dbh promoter, Expression in noradrenergic neurons evidence from fluorescence in anatomically
distinct axon tracts. (b) Overlaid red- and green-channel fluorescence images showing double transgenic fish lines used for
simultaneous imaging of glial cytosolic calcium and stimulating NE neurons. Fish express eGFP-fused CoChR under
the dbh promoter and the red calcium indicator JRGECO1la under the gfap promoter. (c¢) Imaging frame taken during
blue-light (488 nm) stimulation of NE neurons while imaging astroglial cytosolic Ca. (d) Time-course of jJRGECO1la
signal in two different fish during blue-light stimulations. (e) Overlaid fluorescence and transmitted light image of a larval
zebrafish expressing GFP-fused rat TRPV1 in astroglia under the gfap promoter. Scale bars 50 pm.
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Extended Data Table 1. List, sources, and concentrations of compounds used in pharmacological
experiments.

Compound Vehicle | Stock conc. | Final conc. | Reference Source

MS-222 (Tricaine) | water 160 mg/mL | 160 pg/mL [1] Sigma
E10521

Ketamine HCI water 100 mg/mL | 0.8 mM [2] Patterson
Veterinary
xE07-803-
6637

Dextromethorphan | water 50 mM 50 pM (3] Sigma D9684

(DXM)

AP-5 water 50 mM 0.5 mM [4] Sigma A8054

MK-801 maleate water 40 mM 40 pM [5] Cayman
Chemicals
10009019

Fluoxetine HCl water 5 mM 5 uM 2] Sigma F132

Escitalopram  ox- | water 10 mM 10 uM 6] Sigma E4786

alate

Desipramine HCI water 50 mM 50 uM [7] Sigma D3900

TCB-2 DMSO | 50 mM 50 pM [8]* Cayman
Chemicals
2592

R69 HCI water 70 mM 0.7 mM 9]* Roth Lab

TBG fumarate water 10 mM 0.1 mM 9,10]* Olson Lab

AAZ HC1 water 70 mM 0.7 mM 9)* Olson Lab

Memantine HCI water 50 mM 50 pM 4 Sigma
M9292

DOI HCI (+/-) water 30 mM 0.3 mM [9]* Sigma D101

(R,R)-HNK water 70 mM 0.7 mM [9]* Sigma
SML1873

comparison.

[5] Same concentration used in J. Chen et al. Int. J. Comp. Psychol. 23, 82-90 (2010).
[6] Same as fluoxetine but used higher concentration due to decreased toxicity.

[7] Same concentration used in J. Cueto-Escobedo et al. Front. Behav. Neurosci. 15, 795285 (2021).
[8] Tested different concentrations.
[9]
[10
*

9] Matching ketamine’s concentration range.
10] Safety in larval zebrafish assessed assessed at 0.1mM in L. P. Cameron et al. Nature. 589, 474-479 (2021).

no record of testing in larval zebrafish
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Extended Data Table 2. Statistical tests, sample sizes, and p values reported for all relevant panels of

Figures 1-4.

Panel Test n (num. fish) p

Fig. le Two-tailed t-test 16 (control), 15 (ketamine) | 0.0045

Fig. 1f Two-tailed t-test 8 (control), 8 (ketamine) | 0.0242

Fig. 2b One-way ANOVA with | 17 (control), 10 (ketamine), | 0.0086 (ketamine), 0.0115
Tukey’s multiple com- | 8 (MK-801) (MK8-801)
parison test (vs. con-
trol)

Fig. 2c One-way ANOVA with | 24 (control), 8 (fluoxe-| 0.4790 (fluoxetine), 0.9990
Tukey’s multiple com- | tine), 8 (citalopram), 8 de- | (citalopram), 0.0036 (de-
parison test (vs. con- | sipramine sipramine)
trol)

Fig. 2d One-way ANOVA with | 16 (control), 8 (DOI), 7| < 0.0001 (DOI), 0.0008
Tukey’s multiple com- | (TCB-2) (TCB-2)
parison test (vs. con-
trol)

Fig. 2e One-way ANOVA with | 8 (control), 8 (ketamine), | 0.0103 (ketamine),
Tukey’s multiple com- | 8 (MK-801) < 0.0001 (MK-801)
parison test (vs. con-
trol)

Fig. 2f One-way ANOVA with | 8 (control), 8 (fluoxetine), | 0.2392 (fluoxetine), 0.0017
Tukey’s multiple com- | 8 (desipramine) (desipramine)
parison test (vs. con-
trol)

Fig. 2¢ One-way ANOVA with | 16 (control), 8 (DOI), 8 | 0.8096 (DOI), 0.8295
Tukey’s multiple com- | (TCB-2) (TCB-2)
parison test (vs. con-
trol)

Fig. 3e One-way ANOVA with | 5 (control, MS-222), 5 | 0.0149 (MKS801), 0.0169
Tukey’s multiple com- | (MS-222), 4 (all other con- | (Ketamine), 0.9395 (Tri-
parison test (vs. con- | ditions) caine), 0.9893 (DOI),
trol) 0.9996 (Fluoxetine)

Fig. 3¢ Two-way ANOVA with | 11 (control), 10 (ketamine), | No interaction (0.1948)
Tukey’s multiple com- | 12 (ketamine + MS-222), 8 | 0.6990 (ket vs ket + MS-
parison test (vs. con- | (tricaine) 222), 0.0003 MS-222 vs ke-
trol) tamine + MS-222)

Fig. 3h Two-way ANOVA with | 5 (control and MS-222), 4 | No interaction (0.9541),
Tukey’s multiple com- | (all other conditions) 0.6990 (control vs MS-
parison test (vs. con- 222), 0.6761 (ketamine.
trol) vs ketamine+ MS-222),

0.0004 (control vs ke-
tamine + MS-222)

cont. next page.
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Extended Data Table 2 (Cont.)

Panel Test n (num. fish) p
Fig. 4b Two-tailed t-test 15 (dbh:CoChr, no light), | 0.0197 (WT-Blue light vs
6 (wild type, blue light), | DBH-Blue light)
13 (dbh:CoChr, blue light)
Fig. 4e Two-tailed t-test 14 (Control), 12 (Cap- | 0.0229
saicin)
Fig. 4gi |- 4 (Pre), 4 (Post) -
Fig. 4j Two-tailed t-test 4 (Pre), 4 (Post), 7 swims | 0.0056
analyzed for each group
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Supplementary Video 1. Example video of a control 7dpf larval zebrafish in the zFST. Example 10 s in rest
(no forward drift, feedback), followed by 10s in closed loop (forward drift, feedback) and 10s in open loop (forward drift,
no feedback). The 3 intervals are discontinuous and have been merged for visualization purposes.

Supplementary Video 2. Example video of a 7 dpf larval ketamine-treated larval zebrafish in the zFST
following recovery from the acute effects of ketamine treatment. FExample 10s in rest (no forward drift,
feedback), followed by 10 s in closed loop (forward drift, feedback) and 10 s in open loop (forward drift, no feedback).
The 3 intervals are discontinuous and have been merged for visualization purposes.

Supplementary Video 3. Example video of an astroglial calcium wave in response to acute ketamine
treatment. AF of whole-brain jJRGECO1a signal expressed under the gfap promoter imaged with an epifluorescence
scope at 2 Hz. Ketamine was introduced to the water bath after 5 minutes. Scale bar 50 pm.
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