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SUMMARY

Prolonged behavioral challenges can cause animals
to switch from active to passive coping strategies
to manage effort-expenditure during stress; such
normally adaptive behavioral state transitions can
become maladaptive in psychiatric disorders such
as depression. The underlying neuronal dynamics
and brainwide interactions important for passive
coping have remained unclear. Here, we develop a
paradigm to study these behavioral state transitions
at cellular-resolution across the entire vertebrate
brain. Using brainwide imaging in zebrafish, we
observed that the transition to passive coping is
manifested by progressive activation of neurons in
the ventral (lateral) habenula. Activation of these
ventral-habenula neurons suppressed downstream
neurons in the serotonergic raphe nucleus and
caused behavioral passivity, whereas inhibition
of these neurons prevented passivity. Data-driven
recurrent neural network modeling pointed to altered
intra-habenula interactions as a contributory mecha-
nism. These results demonstrate ongoing encoding
of experience features in the habenula, which guides
recruitment of downstream networks and imposes a
passive coping behavioral strategy.

INTRODUCTION

Prior experience affects how future actions are evaluated and
selected; this feedback is essential to reinforcement learning al-

gorithms and is critical for generating adaptive behaviors (Sutton
and Barto, 1998). Aversive or stressful experiences can be
particularly important in shaping future decisions, and individ-
uals will reliably select actions intended to counteract an aver-
sive stimulus. However, when such actions fail to counteract
the stimulus, individuals may choose to adaptively suppress
the actions. Repeated failure of actions to produce value can
result in a deep discounting of the value of effort in the present;
in human beings, this discounting is maladaptive when manifest-
ing as hopelessness, one of the core clinical criteria of major
depressive disorder (American Psychiatric Association, 2000;
Beck et al., 1985).

The mechanisms governing action selection in the face of
stressors can be studied with behavioral challenge (BC) assays;
animals exposed to inescapable aversive environments initially
attempt vigorous escape actions but eventually transition to a
passive coping (PC) state (Koolhaas et al., 1999) characterized
by reduced mobility (Porsolt et al., 1978; Steru et al., 1985). A
behavioral transition to PC is consistent with the discounting of
the value of effort (Nestler and Hyman, 2010; Warden et al.,
2012) and is modulated by genetic, behavioral, and pharmaco-
logical interventions related to depression (Cryan et al., 2005;
Willner, 2005).

Several brain regions have been proposed to play a role in
governing the PC response (Shumake and Gonzalez-Lima,
2003) including the prefrontal cortex (Maier and Watkins, 2010;
Warden et al., 2012), lateral septum (Anthony et al., 2014), basal
ganglia (Shabel et al., 2012; Stephenson-Jones et al., 2016),
periaqueductal gray (Bandler et al., 2000), hypothalamus
(Wang et al., 2015), raphe nuclei (Roche et al., 2003; Yang
et al., 2008), ventral tegmental area (Stamatakis and Stuber,
2012; Tye et al., 2013), and habenula (Cui et al., 2018; Lee
et al., 2010; Li et al., 2011; Okamoto et al., 2012; Proulx et al.,
2014; Shumake et al., 2004; Yang et al., 2008, 2018). However,
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it remains unclear where and how relevant evidence regarding
the ongoing behavioral experience is encoded across the brain
during BC and how the resulting transition from active coping
(AC) to PC is causally manifested from this evidence. These
questions are challenging to address, owing to the distrib-
uted spatial arrangement of the relevant regions across the
brain and the inability to perform brainwide cellular-resolution
neuronal activity imaging in mammals.

We therefore established a novel BC protocol for larval zebra-
fish, with small size and near-transparency permitting brainwide
cellular-resolution neural activity imaging (Ahrens et al., 2012;
Vladimirov et al., 2014) and facilitating data-driven circuit models
(Naumann et al., 2016). Zebrafish brains contain key regions
associated with PC in rodents, including the conserved habe-
nulo-raphe pathway (Amo et al., 2010; Hikosaka, 2010; Nam-
boodiri et al., 2016). Like the mammalian habenula (Hb), the
zebrafish Hb is subdivided into two parts, the dorsal (dHb) and
ventral (vHb) portions, which are homologous to the mammalian
medial (MHb) and lateral (LHb) portions, respectively (Agetsuma
et al., 2010; Amo et al., 2010; Lee et al., 2010).

We find in larval zebrafish a PC response characterized by
immobility that is modulated by anti-depressant treatment and
prior experience. We use the discovery of this conserved pro-
cess to collect brainwide cellular-resolution recordings of neural
activity during BC and probe the causal effects of the observed
activity through optogenetics and computational modeling,
revealing neuronal dynamics across a network of brain regions
that encodes the ongoing negative experience of BC and transi-
tions the animal to a PC behavioral state.

RESULTS

Behavioral Challenge Induces Passive Coping in
Zebrafish
We developed a BC protocol that, similar to related rodent pro-
tocols, relied on exposing animals to an inescapable adverse
environment. Fish 10-15 days post fertilization (dpf) were placed
in a small plastic tank and tracked while being exposed to
repeated mild shocks (1 Hz for 30 min) (Figure 1A). We observed
that fish initially displayed a significant increase in movement
following the onset of shock, but, over time, entered a state in
which they moved significantly less than fish that were not
shocked (Figures 1B-1D; Video S1). This transition from
increased to decreased movement parallels the transition from
AC to PC observed in challenged rodents (Warden et al., 2012).
To assess whether reduced movement reflected a change in
coping strategy rather than a fear-related freezing behavior or
a non-specific effect of shock on physical health, we examined
if and how fish regained normal movement levels. Following
exposure to the BC protocol, fish were placed in one of three
different environments: neutral (a tank of a different color with
fresh system water), partially neutral (the same tank in which
they were shocked with fresh system water), and aversive (the
same tank and water). We found that in the first 5 min after being
moved to a neutral context fish showed no significant recovery of
swimming speed (Figures 1E and S1A). This result comports with
the trans-situationality of PC responses (Porsolt et al., 1978), but
is distinct from the immediate recovery from freezing behavior
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observed in contextual fear assays (Fanselow, 1980). Moreover,
over the course of 30 min, fish placed in the neutral environment
recovered more than fish in both the partially neutral and aver-
sive environments and eventually moved at a similar rate to
control fish. Thus, visual aspects of the environment alone
modulated the return to control-level behavior, suggesting that
the reduced speed resulting from BC was manifesting a behav-
ioral state akin to PC and not a non-specific effect on health.

In rodents, the transition from AC to PC in response to BC can
be delayed by treatment with the acute anti-depressant keta-
mine (Yilmaz et al., 2002). We therefore examined if this response
would be conserved in fish. Fish were exposed to a single dose
of ketamine and allowed to recover from the acute effect of the
drug for 1 h before undergoing BC (Figure S1B). We found that
this exposure delayed the reduction in speed compared to
non-treated fish, only exhibiting passive behavior in an extended
version of the BC protocol (Figure 1F). We found this effect was
dose dependent, persisted for at least 4 h after ketamine treat-
ment, and subsided by 24 h (Figure S1C). The SSRI fluoxetine
also modulated the transition to PC but exhibited an additional
effect on baseline spontaneous movement (Figure S1D).

To establish that the reduced speed we observed repre-
sented a PC response to inescapable BC, and not a form of
habituation to shock, we conducted a closed-loop yoked-con-
trol experiment. One cohort of fish could prevent or reduce
shocks by performing actions in response to visual cues (Fig-
ure S1E), while a second paired cohort experienced an identical
pattern of shocks and cues but without any control over shock
statistics. We conducted this experiment on fish in two age
ranges (10-15 dpf and 21-28 dpf), because the ability to asso-
ciate a cue or action with an outcome develops at 3 weeks of
age in zebrafish (Valente et al., 2012). In the older fish, we found
that the inescapable shock cohort stopped responding at trial
onset, while the escapable shock cohort showed no such
reduction in response (Figures S1F-S1l). This result was
inconsistent with an interpretation of the reduced-movement
response to inescapable shock as a form of habituation. In
the younger fish, we did not observe this difference as expected
given the inability of fish this age to learn simple associations
(Valente et al., 2012). Taken together, our behavioral experi-
ments support the view that larval zebrafish can undergo a
behavioral state change akin to the PC response characterized
in other vertebrate systems.

Whole-Brain Imaging following Behavioral Challenge:
Increased Activity in vHb

To begin to map patterns of neural activity associated with the PC
response, we used light field microscopy (LFM), a high-speed
volumetric imaging technique, to record synchronous whole-
brain neural activity following BC (Figure 2A) (Broxton et al.,
2013; Levoy et al., 2006; Prevedel et al., 2014, Grosenick et al.,
2017). This enabled an unbiased assessment of the resulting neu-
ral state. Light fields were collected at 5 Hz, reconstructed as
691 x 800 x 500 um volumes with a voxel size of 3.6 x 3.6 x
5.0 um, and then motion corrected and aligned to a reference
atlas (Figures 2B, S2A, and S2B). We imaged transgenic fish
expressing the genetically encoded Ca®* indicator GCaMP6s
under the pan-neuronal promoter elavi3 localized to the nucleus,
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Figure 1. Active-to-Passive Coping Behavioral State Transition in Larval Zebrafish

(A) BC rig tracks fish position and delivers electric shocks.

(B and C) The behavioral response of two fish: 0V control fish (B) and 5V shocked fish (C). The path during the pre-shock period (purple) and the post-shock period
(orange) (upper left, scale bar, 10 mm). The position along the short (upper right) and long (lower left) sides of tank over the entire protocol (pink shading indicates
shock period). Speed of fish in 60-s windows (lower right) shows that BC results in reduced movement.

(D) Shocked fish (blue, n = 33) increased their speed (AC) in response to the first 5 min of BC (p = 5.15 x 10~°) then transitioned to a reduced mobility state (PC)
compared to controls (black, n = 14; p = 7.03 x 10~ at final time point).

(E) Fish context was changed post-BC to assess recovery rate (transition indicated with dashed lines). Fish moved to the neutral context (blue) recovered to the
level of control fish kept in the same tank (black; p = 0.11, not significant [n.s.]; one-way ANOVA with Holm-Sidak post hoc comparison; data also in D), while fish
returned to the aversive context (green, n = 40) or the partially neutral context (yellow, n = 29) did not recover compared to shocked fish in the neutral environment
(p=2.12 x 1078 and p = 0.003, respectively). See also Figure S1A.

(F) Exposure to ketamine 1 h before BC (pink, n = 16) reduced and delayed the onset of PC compared to vehicle controls (blue, n = 8, p < 0.05 between 7 and
17 min post shock) but did not fully prevent the transition when fish were exposed to a longer BC protocol. See also Figures S1B and S1C.

In all figures, shaded area and error bars indicate SEM, and all statistical tests are Student’s t tests, unless otherwise indicated (“p < 0.05; **p < 0.01; **p < 0.001).

See also Video S1.

Tg(elavi3:H2B-GCaMP6s) (Vladimirov et al., 2014). Localization of
the Ca?* indicator to the nucleus ensured that signals within
voxels reflected changes in the activity of co-localized somata,
and not activity in neuropil—an important consideration given
the spatial resolution of the LFM volumes (Figures S2C-S2E).
These recordings revealed that activity in the vHb, alone
across the entire brain, exhibited elevation in fish exposed to
BC. We examined the fluorescence in several anatomically
defined regions (Figure S2F) over 45 min following the end of
the protocol. Over this period, we observed significantly
increased fluorescence in the vHb of shocked fish compared
to controls (Figures 2C and 2D). This increasing activity was
confined to the vHb and was prevented by treatment with keta-
mine 1 h prior to imaging. To confirm that this finding was not
dependent on immobilization of the fish for imaging, we per-
formed in situ hybridization for the immediate early gene c-fos
following free-swimming BC and observed a marked increase

in c-fos expression within the vHb (Figures S2G and S2H). Our
identification of increased activity in the vHb using an unbiased
screen of neural activity supports the idea that hyperactivity in
the vHb is an important neural correlate of PC behavior (Calde-
cott-Hazard et al., 1988; Dolzani et al., 2016), and suggests
that the neural underpinnings of this behavior are conserved be-
tween zebrafish and mammals.

vHb Activity Is Correlated with the Extent of Behavioral
Challenge

We next sought to determine how the nature of ongoing negative
experience could be encoded by the brain during BC. To ensure
that single-cell spatial resolution could be maintained even within
dense clusters of neurons, we transitioned to imaging with a
resonance-scanning piezo-focus two-photon (2P) microscope.
Larval fish were positioned under the microscope objective by
head-embedding in agarose and tail-movements were monitored
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Figure 2. Whole-Brain Ca?* Imaging Using
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(A) LFM was used to measure GCaMP6s Ca?*
signals during a 45-min post-BC period.

(B) Orthogonal maximum intensity projections of a
LFM volume (scale bar, 50 um). Hb, habenula; OT,
optic tectum; Fore, forebrain; Oe, olfactory
epithelium; Ce, cerebellum; Hind, hindbrain. See
also Figure S2.
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tion in vHb activity was not significantly
different between the two hemispheres
(Figure S3G). Our observation of rising
vHb activity in response to BC links

(Figures 3A and 3B). Shocks were delivered via conductive pads
on either side of the fish, with their frequency reduced for compat-
ibility with the lower temporal resolution (1-1.2 Hz) of the 2P mi-
croscope (inter-shock interval 15-25 s). This shock protocol
caused a reduction in the frequency of tail movements over the
course of the behavioral session that was rescued by prior expo-
sure to ketamine (Figure 3C) and also sufficed to cause free-
swimming fish to enter a PC state (Figure S3A). An analysis of
shock-triggered neural responses revealed shock-responsive
cells in many regions throughout the brain (Figures S3B and S3C).

To explore how the BC experience might be represented in
brainwide neural activity patterns, we performed a search for
cells with activity correlated to the persistence of the challenge.
The activity of each cell was fit to a regressor that was flat during
the pre-challenge period but rose linearly during challenge (Fig-
ures 3D and 3E). This analysis revealed a prominent cluster of
positively correlated cells in the vHb of shocked fish (Figures 3F
and S3D; Videos S2 and S3). Computing the time course of
average activity across all vHb neurons revealed that activity in
the vHb steadily rose over the course of the protocol (Figure 3G,
upper left). This increase was not observed in fish previously
treated with ketamine despite the fact that the treatment did
not alter the percentage of vHb cells that acutely responded to
shock (Figures S3E and S3F) (Matsumoto and Hikosaka, 2007).
Although certain characteristics of the zebrafish Hb are known
to be bilaterally asymmetric (Bianco and Wilson, 2009), the eleva-
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research suggesting that the Hb encodes
aversive expectation value (Amo et al.,
2014; Lee et al., 2010) to findings associ-
ating vHb hyperactivation with the etiology of depression (Cui
et al.,, 2018; Hu et al., 2013; Li et al., 2011; Yang et al., 2018).
The emergence of this observation from unbiased analysis sup-
ports its interpretation as an important component of the biolog-
ical response to BC.

Behavioral Challenge Causes Net Inhibition of Identified
Serotonergic Raphe Neurons

Outside the vHb, we examined neural activity in anatomical
regions associated with passivity in other species, in known
afferent and efferent targets of the vHb, and in areas where re-
sponses to BC were clustered in our regressor analysis (Fig-
ure S4). We defined these regions manually in all fish using
anatomical landmarks. The region lateral of rhombencephalic
neuropil region 6 (Z-Brain Atlas; Randlett et al., 2015) contains
the griseum centrale, an area homologous to the mammalian
periaqueductal gray, which has been associated with immobility
(Bandler et al., 2000; Okamoto et al., 2012). This region showed a
significant response at the onset of BC (Figure S5B) but did not
show the progressive activation observed in the Hb. The ventral
entopeduncular nucleus (VEP, homologous to the globus pal-
lidus in mammals) is a known source of afferents to the vHb
(Amo et al., 2014; Shabel et al., 2012; Turner et al., 2016). The
region of the telencephalon containing vEP did not show a signif-
icant change in overall average activity —although some individ-
ual cells did (Figure S3D).
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The superior raphe nucleus (combined dorsal and median
subdivisions) and dorsal thalamus both showed significant
changes in activity in response to BC (Figure 3G). In contrast
to the response in the vHb, these responses were inhibitory
and exhibited plateau responses. The raphe is the primary down-
stream target of the vHb in zebrafish (Amo et al., 2010, 2014) and
has been implicated in PC responses in other systems (Maier
and Seligman, 2016). Thus, a change in raphe activity was not
surprising, but the direction was not predictable. Slice physi-
ology has shown that optogenetic activation of the vHb causes
excitatory responses in serotonergic neurons (Amo et al,
2014), but other work suggests raphe dynamics in response to
PC may be more complex due to the diversity of cell types and
projections (Amat et al., 2010; Grahn et al., 1999; Lillesaar,
2011; Nathan et al., 2015; Ren et al., 2018; Stern et al., 1979;
Teissier et al., 2015).

To further demonstrate the observed inhibitory mechanism,
we employed MultiMAP (Lovett-Barron et al., 2017) to specif-
ically identify serotonergic neuron activity within the raphe (Fig-
ure 3H). Hierarchical cluster analysis revealed that both the
serotonergic and non-serotonergic populations contained a
large cluster of neurons that displayed decreased activity similar
to the overall raphe population average (Figure 3l and 3J, blue
clusters), but the serotonergic population showed a more robust
and significant response at the onset of BC as a result of a large
set of onset-responding neurons (Figure 3, blue and yellow clus-
ters). This pattern may bear relevance to clinical distinctions
between acute and delayed responses to serotonergic drugs
and may also relate to studies of rodent PC behavior showing
that the mPFC-to-LHb and mPFC-to-raphe projection exert
opposing effects on BC-elicited passivity (Roche et al., 2003;
Warden et al., 2012).

Hb Cells Are Continuously Recruited during Behavioral
Challenge

The unique and localized accumulator-like pattern of activity in
the vHb suggested a specialized central role in encoding the na-
ture of ongoing adverse experience. To better characterize these
Hb dynamics, we investigated if this pattern would be mani-

fested within individual cells or instead represent a composite
of diverse cellular responses with distinct dynamics. We exam-
ined the activity of those neurons that showed significant activa-
tion as a result of BC (Figure 4A) and observed a diversity of
activation latencies and durations (Figure 4B). This analysis
revealed a striking pattern of staggered recruitment of individual
cells, with response latencies tiling the duration of the protocol
(Figure 4D; differing from a homogeneous Poisson point pro-
cess, see STAR Methods) and with many neurons becoming fully
activated quickly compared to the duration of the protocol
(Figure 4C).

These distributions indicated that the rising average activity in
the vHb was not the result of a similar slow ramping across
all neurons, but rather reflected diverse dynamics in which neu-
rons were recruited with staggered latencies into the activated
ensemble (Figure 4E). Interestingly, the time at which an individ-
ual neuron was recruited into this ensemble was not independent
of its spatial location (Figure 4F); nearby neurons exhibited
response times that were significantly more similar than ex-
pected by chance (Figure 4G). Moreover, these diverse dy-
namics contrasted with activity patterns observed in the raphe.
Applying the same analysis to raphe neurons that had signifi-
cantly reduced activity, we found that the response latencies
of raphe neurons did not span the duration of the protocol as
in the vHb (Figures 4H-4J); response latencies of raphe neurons
were shorter than those of neurons in the vHb (p < 10°, Mann-
Whitney U test; 262 raphe neurons, median = 593 s; 590 vHb
neurons, median = 1,124 s), and the distribution of latencies in
raphe was less homogeneous (entropy of 3.33 compared to
3.51 in the vHb).

Behavioral and Physiological Responses to Challenge
Heightened by Re-exposure

BC paradigms can exert lasting effects on responses to later
stressors, including more rapid transitions from AC to PC (Por-
solt et al., 1978; Rozeske et al., 2011). We therefore tested if
exposure to BC would alter later BC-elicited accumulation dy-
namics within the vHb. Following free-swimming BC, fish were
embedded in agarose and allowed to recover for 3 h before

Figure 3. 2P Imaging of Cellular-Resolution Brainwide Responses during BC Reveal the Dynamics of Experience-Encoding Activity in

the vHb

(A) Head-fixed volumetric 2P calcium imaging during BC while monitoring tail movement.

(B) Diagram of imaged brain area (yellow rectangle).

(C) Head-fixed fish exhibit a reduction in tail movement rate as a result of BC (black: control, n = 6; blue: shocked, n = 8; p = 0.030, one-sided Student’s t test). Prior
exposure to acute ketamine eliminates this response (pink, n = 4, p = 0.283, n.s.).
(D) Regressor consisting of linearly rising activity following the onset of shocks was used to search for cells with activity correlated to the extent of BC.

(E) Example of the fit between the regressor and the Af/f Ca®* trace for four neurons (bottom; locations at top; black dashed line indicates start of shocks).

(F) Region of interest (ROI) of each neuron colored by the correlation () between its Af/f Ca®* trace and the regressor (scale bar, 25 um). See also Figure S3.
(G) Average baseline-subtracted Af/f response for all neurons in each of several brain regions (see also Figure S4). In the vHb, the average activity over the final
2 min was increased in shocked fish (n = 8) compared to control (n = 6) and ketamine-treated (n = 4) fish (p = 0.0189 and p = 0.0432, respectively; two-way
repeated-measures ANOVA with Tukey HSD post hoc comparison). Shocked fish also showed a decrease in raphe activity (p = 0.012 and p = 0.007) and dorsal
thalamus activity (p = 0.007 and p = 0.006) compared to controls and ketamine-treated fish.

(H) Example of MultiMAP registration to identify serotonergic neurons in the superior raphe (see STAR Methods).

(I and J) Raster plot of baseline-subtracted Af/f activity of all 5-HT* neurons (l) (n = 158 neurons from 3 fish) and 5-HT™ neurons (J) (n = 332 neurons) sorted based
on hierarchical clustering with top 8 flat clusters demarcated by coloring scheme of left. 5-HT* neurons, on average, exhibited a significantly larger response to
BC onset compared to 5-HT™ neurons (60-s window following onset; p = 0.026, paired Student’s t test) and compared to 5-HT* neurons in non-shocked controls
(n = 4 non-shocked control fish; p = 0.027, Student’s t test). 5-HT neurons did not have a significant response to BC onset (p = 0.37, Student’s t test).

See also Videos S2, S3, and S4.

6 Cell 7177, 1-16, May 2, 2019



Please cite this article in press as: Andalman et al., Neuronal Dynamics Regulating Brain and Behavioral State Transitions, Cell (2019), https://
doi.org/10.1016/j.cell.2019.02.037

A 40 B vHb neurons
. m Control 6.0 | Latency: 1483s Duration X Latency: 774s
— = Shocked ’ ! Duration: 390s — |  Duration: 938s | | (1 [ 1
o 30 u Ketamine 4.0 ! I ‘ I . | l [ |1 “ l‘ ‘ﬂ
g s I |Latency ‘ \H | : o
5 20 < 20 ! 1 « ‘ j‘w Al '
c | \ i} W I
- W T e T TR
R 10 0.0 ')'!\r“whvm.;ml«mm, m' i nwwm*"rwwy\-{‘w“\vjw ‘m mm‘ T RAn L :
6.0 X Latency: 857s | Latency: 1902s
0 : : Duration: 784s : Duration: 1701s
? W 40 ! ! k
8 % 1 ! ‘
5 10 2.0 : : |
S - .
° « 0.0 —
o~ 20 L L
vHb Raphe 0 1000 2000 0 1000 2000
c E :
@ 00 o :
S I 179 ]
s - -
1
i 12 :
£ MU ] £ty
> k - 5 1
* 0 | 1 ‘ ‘ I ‘ ‘ ‘ ‘ | i [ o :
0 1000 2000 3000 4000 5000 c '
Response duration (s) ‘—; i
D g :
T Qo 1
(2] | (] 1
CC) 20 ! 4 f :
5 | © -
0] [ | b < !
c | !
S 10 | 2 |
£ il | 3
* 0 Tl ‘ ‘ | 1 I I . =7
0 5|g° 1|°‘z° 1500 2000 0 500 1000 1500 2000
esponse latency (s) Time (s)
F » ventral G .
60 : : ; ‘
2160 s @ L 1
3 [e)
g S 40f |
g 0]
c s 0
S % 20l i
3 # [ 1
< 0 mnH [ e
0s -1500 -1000 -500 O 500 1000 1500
Alatency neighbors - Alatency random (s)
H J
1.0
2 0 1w
2 a0+ 1 nfFL s
g | | 1A Sk thant
o 2 !
2 20p 1 2 2 o
L 4 > oo il
AN T B
# oLl L [hi | 1= e L c i ';
0 1000 2000 3000 4000 5000 © 401 Wt =
| Response duration (s) § e ,': N T T P <
g | £ o DT R R LR B
= L | 4 © 1 TR iy kg :
3% ; 4 WE A bl e .
c [ ! Y ¥ i i B L 'mu'm
[CEETN ! i r ..'-'I-' 1 o Y ke i e T
5 ! 80 i ey ! Al i
E |- : ‘ - ] |I: '3 RS | ! X b 1 i (]
H* 0 L I ‘ ‘\H‘ H\\‘ “‘\\\ T e Pt IR FAL T Sy Tl R -1.0
0 500 1000 1500 2000 0 500 1000 1500 2000
Response latency (s) Time (s)
(legend on next page)

Cell 177, 1-16, May 2, 2019 7



Cell

doi.org/10.1016/j.cell.2019.02.037

Please cite this article in press as: Andalman et al., Neuronal Dynamics Regulating Brain and Behavioral State Transitions, Cell (2019), https://

undergoing head-fixed BC with 2P imaging (Figure 5A). Consis-
tent with the effect of re-exposure in rodent models (Porsolt
et al., 1978), re-exposed fish exhibited a more rapid reduction
in spontaneous tail movements (Figure 5B); this behavioral
change was accompanied by changes in both the immediate
and prolonged neural response to BC. We found that re-expo-
sure enhanced the level of activation in the vHb such that the re-
gion reached higher levels of activity by the end of the protocol
(Figures 5C and S3D; Video S4), revealing that prior experiences
can give rise to a lasting sensitization of the mechanism by which
the response to BC is encoded in the vHb. The level of hyperac-
tivity observed in the vHb was significantly correlated with the
size of the behavioral response (Figure 5D), with significant
changes in behavior only occurring in fish with increased vHb ac-
tivity. The same correlation was not found between behavior and
the extent of reduced activity in the raphe (Figure S5A), further
supporting the view that the vHb could play a special role in regu-
lating behavioral responses to BC.

Optogenetic Manipulations Support a Causal Role for
the Hb-Raphe Pathway in Passivity
The Ca?* imaging data collected both during and after BC points
to the Hb-raphe system as an important part of the neural cir-
cuitry generating challenge-induced behavioral states. We next
sought to probe whether causal manipulations of this system
could be sufficient to favor the PC state. We modified our free-
swimming rig to enable optogenetic stimulation (Figure 6A) in a
transgenic fish line restricting expression of a cation-conducting
channelrhodopsin (ChR) to the vHb, Tg(ppp1ri4ab:GAL4VP16;
UAS:hChR2-mCherry); this line exhibits off-target extraparen-
chymal expression in the meninges and expression from devel-
opment persisting in the hindbrain (Figures 6B and S6A) (Amo
et al., 2014). In vivo patch clamp recordings confirmed opsin
functionality (Figure 6C). 2 min of 20 Hz stimulation caused
ChR* fish to exhibit a reduction in movement during the light
exposure (Figure 6D; Video S5), consistent with vHb hyperactiv-
ity driving passivity. We also observed this effect in fish following
exposure to BC (Figure S6B), and these results were particularly
striking in comparison to ChR- clutch-mates that instead
showed an increase in movement as a result of the visible blue
light stimulus.

We next probed whether optogenetic manipulation of the
raphe might also modulate the passive state. The Hb-raphe pro-

jection is known to innervate the ventral anterior portion of the
superior raphe (Amo et al., 2010) and excite a fraction of identi-
fied serotonergic neurons (Amo et al., 2014). Our imaging data
showed that passivity was associated with reduced overall activ-
ity in both serotonergic and non-serotonergic neurons of the
superior raphe. To test whether specific inhibition of raphe
neurons could be causally sufficient to favor a PC-like state,
we used a transgenic line with expression of the light-sensitive
chloride pumping halorhodopsin (NpHR), restricted to the
serotonergic neurons of the superior raphe (dorsal portion),
To(tph2:GAL4VP16; UAS:NpHR-mCherry) (Arrenberg et al.,
2009; Yokogawa et al., 2012) (Figures 6E and 6F). 2 min of
continuous light stimulation caused NpHR™* fish to exhibit
reduced movement (Figure 6G; Video S6), consistent with inhibi-
tion of serotonergic neuron activity having a causal role in PC.
Again, the opsin-expressing fish contrasted strikingly with
opsin-negative control fish, which showed an increase in move-
ment as a result of the yellow light stimulus.

We next wanted to test whether inhibition of activity in the vHb
could rescue the fish from a PC state. We used a transgenic
zebrafish line with expression of NpHR restricted to the vHb,
Tg(dao:GAL4VP16; UAS:NpHR-mCherry) (Figures 6H and S6C)
(Arrenberg et al., 2009; Amo et al., 2014). The fish were initially
exposed to the free-swimming BC protocol to induce a PC state;
after a 4-min post-BC period, we assessed the response to 2 min
of continuous light stimulation. We found that NpHR* fish
showed an increase in movement in response to stimulation,
significantly exceeding the expected response to the bright vi-
sual stimulus we observed in NpHR™ fish (Figure 6l; Video S7).
Thus, inhibition of activity in the vHb can favor AC behavior after
BC-induced passivity. Taken together, our optogenetic behav-
ioral results supported a natural and causal role for the Hb-raphe
system in governing PC behavior.

Brainwide Cellular-Resolution Imaging during
Optogenetic Stimulation of vHb

To obtain a global perspective on the brainwide networks
through which vHb activity affects mobility, we generated trans-
genic zebrafish expressing ChR in the vHb on a pan-neuronal
background of nuclear-localized GCaMP6s, Tg(ppp1ri4ab:
GAL4VP16; UAS:hChR2-mCherry; elavi3:h2b-GCaMP6s). We
combined one-photon laser-scanning ChR stimulation with
brainwide 2P imaging to assess the response of cells throughout

Figure 4. Staggered Recruitment of Individual vHb Neurons Temporally Tiles BC Epoch

(A) Percentage of neurons that showed a significant increase in activity (top) or decrease in activity (bottom) as a result of BC (black: control, n = 6; blue: shocked,
n = 8; pink: ketamine, n = 4; data from these fish also presented in Figure 3). A higher percentage of vHb neurons were excited in shocked fish (p = 0.037), while
more raphe neurons were inhibited (p = 0.048), compared to controls.

(B) Af/f Ca®* traces (purple) for all vHb neurons that showed a significant increase in activity were smoothed (dark purple) and then fit to a sigmoid (black).
4 example neurons with varying response durations (time between 10™ and 90" percentile of the sigmoid) and latencies (time to the 50™ percentile) are shown
(dashed line, BC onset).

(C) Histogram of response durations.

(D) Histogram of response latencies (excluding neurons with response durations longer than 30 min).

(E) Raster plot of Af/f traces for neurons in (D) from a representative fish sorted by response latency.

(F) ROls of neurons in (E) colored according to their response latency (6 um between sections; scale bar, 25 um).

(G) Histogram of difference in response latency between neighboring neurons and neurons with random spatial locations (red dashed line, median difference).
The latency difference between neighbors is smaller than expected by chance (n = 979 neurons from 8 fish; p = 0.0005, nonparametric bootstrap, see STAR
Methods).

(H and I) Analogous to (C) and (D) for cells showing significantly decreased activity in the raphe.

(J) Analogous to (E) for raphe neurons.
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Figure 5. Prior Exposure to BC Enhances Behavioral and Neural Passive-State Responses

(A) Fish were exposed to free-swimming BC, allowed to recover for 3 h and then imaged during head-fixed BC.

(B) Change in tail movement rate relative to baseline as a result of head-fixed BC for control fish (black, n = 6), shocked fish (blue, n = 8) and re-exposed fish (teal,
n = 12) (dashed line indicates start of shocks; data from shocked and control fish also presented in Figure 3). Re-exposed fish have reduced movement rates
compared to baseline starting 3 min after shock (p < 0.05 at all time points between 4 and 15 min, except for minute 8; one-sided Student’s t test), while shocked

fish did not show a significant reduction until 20 min after the start of shock.

(C) Average baseline-subtracted Af/f Ca%* response for all neurons in the vHb across fish. During the final 2 min of the BC protocol, re-exposed fish exhibited
higher vHb activity compared to fish experiencing the protocol for the first time (p = 0.0267; two-way repeated-measures ANOVA with Tukey HSD post hoc

comparison).

(D) Scatterplot comparing the change in vHb activity to the change in tail movement rate caused by BC reveals a significant negative correlation (gray line, linear

regression; shaded area, 95% confidence interval; r = —0.56, p = 0.003).
See also Figure S5A and Video S4.

the brain to vHb activation (Figure 6J). To control for the fact that
the activation light was visible to the fish, we quantified, for each
cell, whether responses to laser scanning the vHb differed signif-
icantly from responses generated by laser scanning an equiva-
lent-sized nearby region within the telencephalon that did not
express ChR (see STAR Methods; Figure 6K).

We found that a higher percentage of vHb cells showed signif-
icant excitatory responses to ipsilateral stimulation in ChR*
versus ChR™ fish, confirming that the laser-scanning stimulation
protocol produced robust activation of targeted cells (Figure 6L).
Outside the Hb, we were then able to globally screen for and
quantify relevant responses in other brain regions that showed
either significant excitation or inhibition over a range of time win-
dows following vHb stimulation. Strikingly, we found that the
raphe showed significant changes in a specific and consistent
time window several seconds following vHb stimulation and
in the direction and magnitude that were naturally recruited by
the inescapable stressor. Together, these data revealed that
the vHb has the required properties to not only encode the nature
and statistics of the inescapable stressor as shown above, and
to causally evoke the relevant PC behavior as also shown above,
but to do so by recruiting the relevant brainwide network activity
pattern involved (Figures 6M, S6D, and S6E).

Recurrent Neural Network Models Pointing to Circuit
Mechanisms of Hb Action

The scope and completeness of the brainwide cellular-resolution
datasets prompted us to explore computational models that
could lend insight into mechanisms underlying Hb regulation of
the observed circuit dynamics. To do so, we trained recurrent
neural network (RNN) models from which we could infer effective
connectivity patterns throughout the brain. RNN models were
constructed with a number of units equal to the number of neu-
rons recorded in each individual fish and were trained to repro-

duce the observed activity using the recursive least-squares
learning rule (Figure 7A) (Rajan et al., 2016; Sussillo and Abbott,
2009). This training algorithm yielded asymptotic convergence
(Figure 7B) and produced models capable of reproducing popu-
lation activity (Figures 7C and 7D).

To understand how BC might alter effective connectivity, we
compared models trained on activity recorded from fish in the
passive state to models trained on baseline activity recorded
prior to BC. Each trained network model contained a connectiv-
ity matrix J, providing a measure of inferred effective connectivity
both within and between brain regions. In examining the distribu-
tion of projection-specific connection strengths in sub-matrices
of J corresponding to intra-Hb connections, intra-raphe connec-
tions, Hb-to-raphe projections, and raphe-to-Hb projections
(Figures 7E and 7F), we found a significant and specific change
in intra-Hb (Figures 7G and S7A, upper left) and raphe-to-Hb
(upper right) connectivity patterns as a result of BC. These
computational findings based on global unbiased cellular-reso-
lution activity datasets appear to have independently identified
circuit mechanisms consistent with experimental work showing
Hb hyperactivity in depression-like states (Li et al., 2011) and
linking feedback from serotonergic raphe neurons to LHb with
a pattern of Hb hyperactivity and depression (Shabel et al.,
2012; Turner et al., 2016; Zhang et al., 2018).

DISCUSSION

The PC response is a naturally occurring behavioral state transi-
tion that can be of both substantial adaptive value and major
clinical significance. Fundamental aspects of the PC response
appear to be conserved across vertebrate evolution, manifesting
in zebrafish larvae with important parallels to mammalian
behavior, including modulation by antidepressants, prior
experience, and inescapability (in older fish). Using brainwide

Cell 177, 1-16, May 2, 2019 9



Please cite this article in press as: Andalman et al., Neuronal Dynamics Regulating Brain and Behavioral State Transitions, Cell (2019), https://
doi.org/10.1016/j.cell.2019.02.037

Cell

Camera
: y ChR+, vHb ChR-, dHb P _ vHb Activation
- - ChR+ light

swimmapoyd 1 CNR— on

460 nm LED
2 minutes

20 Hz 5 ms

1 mW/ mm?

/" dorsal \‘ \
20 pA 20 pA 1 —
10 ms 10 ms
-200 0 200
Time (s)
E DRN Inhibition ~ H ,_, I vHb Inhibition
2 NpHR+ light ? behavioral NpHR+
ZXgAWfi:S:e';ED NpHR- on L challenge NpHR-
continuous light
5mW / mm? on
-200 ‘0 200 0 1000 2000
Time (s) Time (s)
J . , , . :
25 scanning Left vHb stimulation Right vHb stimulation
60s unilateral
Imaging stimulation
t o
= 4
P
s
/ 458 nm stimulation
/ 920 nm excitation
gIPieZO focus
<1> Agarose
L M
Response 0-2s Response 8-10s
7
g = B Ipsilateral vHb stimulation ! B Ipsilateral vHb stimulation
% D [ aexx | Contralateral vHb stimulation | Contralateral vHb stimulation
52
=]
o O
= ®©
Q —_— — — |
° 0
[o)lke}
j ]
@ =
£ o *
Q=
o= "o
e .
B Q% B O Q. b % B Q. o 4
O&é /;9(9/ 06@ /;99 /&é O% O(’({g /&6’/ 06@ /&Q /&6 O%
s 4 s Y Yy s 4 s S Yy
%, %, S, (2 (@] %, %, S <, 7
S, 6’/)(/ S » S, @,)O 8, 2
% % % % % %

(legend on next page)

10 Cell 177, 1-16, May 2, 2019



doi.org/10.1016/j.cell.2019.02.037

Please cite this article in press as: Andalman et al., Neuronal Dynamics Regulating Brain and Behavioral State Transitions, Cell (2019), https://

cellular-resolution recordings of neural activity as fish transition
from AC to PC, we discovered a staggered spatially biased
recruitment of individual vHb neurons into an activated ensemble
that was predictive of behavioral outcome. Our findings suggest
that the progressive activation of neurons in the vHb encodes
key statistical features of BC and modulates the estimated value
of escape actions. Additional work will be important to more
deeply understand how the timing and magnitude of shocks,
their inescapability, and the resulting behavioral responses
implement this recruitment. By combining brainwide imaging
with optogenetic stimulation, we found that the Hb, raphe, and
corresponding inter-areal projections yield diverse and surpris-
ing dynamics, with which inter-areal computational models can
be constructed revealing remarkable tractability and validity.

A growing body of research links increased activity in the Hb
to the etiology of PC and depression (Caldecott-Hazard et al.,
1988; Cui et al., 2014; Lecca et al., 2016; Li et al., 2011, 2013;
Shumake et al., 2003; Winter et al., 2011; Yang et al., 2008,
2018). The mechanisms of Hb recruitment observed here, and
the underlying biology that sets the sensitivity of this circuitry
to positive and negative experiences, may thus have broad rele-
vance to the study of mood disorders. Possible mechanisms for
progressive Hb neuron recruitment may involve molecular and
biophysical processes such as diversity in Hb expression of
BCaMKII (Li et al., 2013), astroglial potassium channel expres-
sion (Cui et al., 2018), neuropeptidergic signaling (Authement
et al., 2018), disruptions in glutamate clearance (Cui et al,,
2014), internalization of inhibitory receptors (Lecca et al.,
2016), regulation of GABA/glutamatergic co-release balance

(Shabel et al., 2014), serotonergic feedback mechanisms (Sha-
bel et al., 2012), and/or potentiation of excitatory synapses (Li
etal., 2011). Our finding that hyperactivity following BC is largely
confined to the vHb across the zebrafish brain is consistent with
all of these possibilities, although future analysis based on more
precise molecularly specified cell clusters may reveal additional
spatial organization of altered activity (Lovett-Barron et al., 2017;
Pandey et al., 2018).

Our computational modeling specifically pointed to a mecha-
nism for this recruitment involving changes in functional connec-
tivity within the vHb and in the projection from the raphe to the
vHb. Intriguingly, these modeling results are consistent with
the potentiation of LHb synapses correlating with helplessness
behaviors (Li et al., 2011) and with the raphe-to-LHb projection
exerting causal effects on LHb excitability and depressive
behaviors (Zhang et al., 2018). However, detailed cellular mech-
anisms remain to be established and provide an intriguing
opportunity for future work, both experimental (with deep molec-
ular analysis of the Hb ensemble registered at cellular resolution
to activity patterns observed during BC) (Lovett-Barron et al.,
2017; Pandey et al., 2018; Wang et al., 2018) and computational
(through increasingly detailed biophysical, connectivity, and
brainwide cellular-resolution features of the model).

Previous work has implicated the dorsal raphe nucleus in the
transition to PC behavior, with slice physiology, microdialysis,
and immunohistochemistry results suggesting the importance
of activation of serotonergic neurons (Amat et al., 2010; Amo
et al., 2014; Grahn et al., 1999; Maier and Seligman, 2016; Mas-
wood et al., 1998; Will et al., 2004). Recent results, however,

Figure 6. Optogenetic Activation of vHb Causally Evokes Passive-State Behavior and Brainwide Activity Dynamics

(A) Rig used to activate ChR in free-swimming fish.

(B) Max-projection of confocal stack of Hb in 15 dpf Tg(opp1ri4ab:Gal4-VP16; UAS:ChR2-mCherry;elavi3:h2b-GCaMP6s) showing expression pattern of
ppplridab (red) on elavi3 background (green; scale bar, 25 um; see also Figure S6A).

(C) Inward photocurrents in an in vivo voltage-clamped ChR2-mCherry* vHb neuron (left) and ChR2-mCherry~ dHb neuron (right), evoked by 5-ms pulses of
475-nm light (blue bars; average response indicated by solid black line, n = 6 ChR* pulses, 8 ChR™ pulses).

(D) Baseline-subtracted speed of ChR* fish, Tg(ppp 1r14ab:Gal4-VP16; UAS:ChR2-mCherry) (blue, n = 10), and ChR™ clutch mates (black, n = 11) in response to
2 min of 20 Hz 460-nm light pulses (5 ms duration; 1 mW/mm?; 4-min baseline). During stimulation, the ChR* fish showed reduced speed compared to ChR™ fish
(p = 0.0038) and compared to baseline (p = 0.048, paired Student’s t test). In contrast, the visible blue light caused ChR™ fish to show an increase in speed
(p = 0.040, paired Student’s t test). See also Figure S6B.

(E) Rig used to activate NpHR in free-swimming fish.

(F) Max-projection of 2P stack of superior raphe in 13 dpf Tg(tph2:Gal4ff; UAS:NpHR-mCherry) (scale bar, 25 pm).

(G) Baseline-subtracted speed of NpHR* fish, Tg(tph2:Gal4ff; UAS:NpHR-mCherry) (blue, n = 11), and NpHR™ clutch mates (black, n = 10) in response to 2 min of
continuous 545-nm light (5 mW/mm?; 4-min baseline). NpHR* fish showed reduced speed during the second minute of inhibition compared to baseline (p = 0.039,
paired Student’s t test) as well as compared to NpHR™ fish (p = 0.0039). In contrast, the visible yellow light caused NpHR™ fish to show an increase in speed
(p = 0.013, paired Student’s t test).

(H) Max-projection of confocal stack of Hb in 15 dpf Tg(dao:Cre-mCherry; vglut2a:loxP-DsRed-loxP-GFP) showing GFP expression in dao+ and vglut2a+ cells
(red) and DsRed in other vglut2a+ cells (green) (scale bar, 25 um).

() Speed of NpHR™ Tg(dao:Gal4-VP16; UAS:NpHR-mCherry) fish (blue, n = 8) and NpHR™ clutch mates (black, n = 10) in response to BC followed by 2 min of
continuous 545-nm light (5 mW/mm?). NpHR* fish showed a significantly larger increase in speed than NpHR™ fish during the second minute of inhibition and the
2 min following stimulation (p = 0.034). Both the NpHR* and NpHR™ cohorts showed a significant increase in speed compared to the 4-min baseline period prior to
light onset (p = 0.009 and p = 0.027, respectively; paired Student’s t test).

) 2P Cca** imaging of the response to unilateral one-photon laser scanning stimulation of the vHb.

(K) Max projection of ChR* and ChR™ fish (site of stimulation indicated by white arrows). ROls of the neurons with a significant response to simulation (p < 0.05, see
STAR Methods) are colored red if activated and blue if inhibited.

(L) Fold-change in the fraction of neurons that showed a significant excitatory response in the 2 s following stimulation in ChR* fish (n = 6) compared to ChR™ fish
(n = 4) in several regions both ipsilateral and contralateral to the site of stimulation (top). The analogous plot for inhibitory responses (bottom). The ipsilateral vHb
showed a significant activation (p = 0.00002). See also Figure S6D.

(M) Analogous to (L) for the period 8-10 s following stimulation. The ipsilateral raphe showed a significant increase in the number of inhibitory responses during
this period (p = 0.004), as did the contralateral dHb (p = 0.048).

See also Figure S6E and Videos S5, S6, and S7.
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have highlighted the diversity of cell types and projections in the
raphe and suggested that the raphe dynamics involved in
passivity may be more complex, with some studies linking inhi-
bition of serotonergic neurons to passivity (Ren et al., 2018;
Roche et al., 2003; Teissier et al., 2015). Here, we imaged Ca?*
signals in all superior raphe neurons (dorsal and median,
including molecularly identified serotonergic neurons) within
the context of whole brain activity and behavior, finding that
both serotonergic and non-serotonergic neurons display a diver-
sity of responses, with the largest cluster of neurons in both
groups inhibited during PC transitions. This observation was sur-
prising because the vHb-to-raphe projection is glutamatergic
(Amo et al., 2014); however, this finding was consistent our opto-
genetic behavioral and imaging results. In parallel, our modeling
results, using the brainwide imaging data and inferring connec-
tivity from cellular activity patterns only, supported a role for
feedback from the raphe to the vHb as part of the mechanism un-
derlying Hb hyperactivity, consistent with recent work in rodents
(Zhang et al., 2018). Together, these experimental and computa-
tional results have provided a novel circuit-dynamics perspec-
tive on the role of the serotonergic system in PC.

Initially, we used our LFM technology pipeline (Broxton et al.,
2013) to screen for brain areas of interest, but we subsequently
transitioned to more traditional imaging modalities. This transi-
tion was necessitated by the insufficiency of current spatial reso-
lution in LFM to definitively isolate the activity of small neurons in
dense clusters (Figures S2C and S2D). In addition, while LFM has
the potential for temporal resolution compatible with probing the
dynamics associated with individual spikes, phototoxic effects
arise from the bright wide-field excitation light that is required
to achieve short exposure times. Despite these limitations in
this experimental setting, LFM holds promise both because of
its high temporal resolution and its compatibility with freely swim-
ming imaging (Cong et al., 2017). In the future, improvements to
the optical design, more efficient strobed excitation, and more
sophisticated source extraction algorithms will make LFM more
broadly applicable (Cohen et al., 2014; Cong et al., 2017; Zhou
etal., 2018), perhaps enabling imaging during BC in freely swim-
ming fish without the added stress of immobilization.

Taken together, these results reveal that a unique pattern of
staggered, temporally tiled recruitment of individual vHb neu-
rons into an active ensemble encodes the history of ongoing
aversive experience and contributes to behavioral pattern se-
lection in the face of adverse conditions. Further studies of
cellular-resolution activity during behavioral state transitions
will be required to discover whether these remarkable cellular-
resolution population recruitment dynamics are also present in
other brain regions and behavioral contexts. The development
of the zebrafish as an experimental system for investigating
complex behavioral states enables new possibilities including
for genetic and pharmaceutical screens, and for understanding
how the many brain areas involved in responding to challenging
circumstances interact, compute, and control behavioral states
together (Bargmann, 2012; Lovett-Barron et al., 2017; Naumann
et al., 2016) in normal and in neuropsychiatric disease-related
conditions.
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Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS

O Zebrafish
e METHOD DETAILS

O Free-swimming behavioral challenge experiments
Escapable shock and yoked-control experiments
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Two-photon microscopy
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Optogenetic experiments in free-swimming fish
Optogenetic stimulation using two-photon
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O Recurrent neural network model
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Figure 7. RNN Model of Cellular-Resolution Imaging Data Reveals Candidate Circuit Mechanisms for Hb Recruitment and Action

(A) For each fish an RNN model was composed of N,,;, model neuronal units (green spheres), equal to the number of neurons recorded. Connectivity is rep-
resented by the weight matrix J (lower right; green lines represent specific weights, J; noise and shock inputs not schematized). All weights are subject to
plasticity (learning rule, right) based on the difference between each model unit’s activity and a target function derived from experimentally measured neural
activity. Signals from fish in different conditions (control, ctrl; shocked, shk; re-exposed, reshk) and from different time periods within the experiments (baseline
period, denoted e1 for epoch 1; challenge period, e2; passive period, e3) were used to train separate models, each resulting in a connectivity matrix, denoted by
JM. condition, epoch (q o JM. shk. e3) Training was performed using the recursive least-squares learning rule.

(B) Mean square error between RNN activity and target functions converges with training.

(C) Snippets of activity from individual model neurons (red) compared to experimental data (blue) for control (left) and shocked (right).

(D) Principal component analysis was performed on imaging data from the challenge period (all Hb and raphe neurons from representative control and shocked
fish) and on the output of the associated models (i.e., networks with connectivity J: " €2, M. shk. €2) The population activity was projected on to the largest 3
principal components for control (top two panels) and shocked (bottom two panels; shock times indicated with orange dots) fish.

(E) Log distribution of connectivity in a representative shocked (J™7%3, blue) and control (J™-°% black) model. Analogous results for models trained to match
data from the optogenetic imaging experiments are in Figure S7.

(F) Analogous to (E) but for sub-matrices within J representing specific intra- and inter-region connections (see lower right subpanel in A).

(G) Effect of BC on projection-specific connectivity. The percentage change in the standard deviation of projection-specific connectivity strength distribution (see
F) between models trained on the passive period and the baseline period. This change was measured for all control (black, n = 5), shocked (blue, n = 5) and re-
exposed (teal, n = 5) fish presented in Figure S3D ( error bars indicate standard deviation across fish). Intra-Hb connectivity undergoes a significant change in
shocked and re-exposed fish compared to control (p = 0.007 and 0.002, respectively), as does the raphe-to-Hb projection (p = 0.008 and 0.003, respectively); see
also Figure S7A. Analogous analysis based on the 15t and 3" moments (mean and skewness) showed no significant changes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-serotonin Immunostar 20080; RRID: AB_572263

Donkey anti-rabbit Alexa 594

Jackson ImmunoResearch

711-586-152; RRID: AB_2340622

Chemicals, Peptides, and Recombinant Proteins

Ketamine Hydrochloride Vedco NDC 50989-996-06 - 10 mL
Fluoxetine Hydrochloride Sigma-Aldrich F132

Experimental Models: Organisms/Strains

Zebrafish: Tg(elavi3:H2B-GCaMP6s) Vladimirov et al., 2014 if5

Zebrafish: Tg(ppp1r14ab:GAL4VP16;
UAS:hChR2-mCherry)

Zebrafish: Tg(tph2:GAL4VP16; UAS:NpHR-mCherry)

Zebrafish: Tg(dao:GAL4VP16; UAS:NpHR-mCherry)

Zebrafish: Tg(ppp1ri4ab:GAL4VP16;
UAS:hChR2-mCherry; elavi3:H2B-GCaMP6s)

Zebrafish: Tg(dao:Cre-mCherry; vglut2a:loxP-
DsRed-loxP-GFP)

Amo et al., 2014

Arrenberg et al., 2009;
Yokogawa et al., 2012
Arrenberg et al., 2009;
Amo et al., 2014

Arrenberg et al., 2009;
Amo et al., 2014;
Vladimirov et al., 2014

Amo et al., 2014

ZDB-FISH-150901-4593

N/A

N/A

N/A

N/A

Software and Algorithms

Python 2.7

Prism

MATLAB

Scikit-Learn 0.17.0
Scikit-lmage
uManager

iPython and Jupyter

Python
GraphPad

The MathWorks

Pedregosa and Varoquaux, 2011

van der Walt et al., 2014
Edelstein et al., 2014
Perez and Granger, 2007

https://www.python.org

https://www.graphpad.com/scientific-
software/prism/

https://www.mathworks.com/products/
matlab

https://scikit-learn.org/
https://scikit-image.org
https://micro-manager.org

https://jupyter.org

Bokeh Bokeh Development Team, 2014 https://bokehplots.com

OpenCV Bradski, 2000 https://opencv.org/

Spark Apache https://spark.apache.org

CMTK Rohlfing and Maurer, 2003 https://www.nitrc.org/projects/cmtk/

PyQt Riverbank Computing https://riverbankcomputing.com/
software/pyqt

Fiji (ImageJ) NIH https://fiji.sc/

CNMF Giovannucci et al., 2018 https://github.com/flatironinstitute/CalmAn

Other

Custom Microlens Array
AWS EC2 and S3

Jenoptik

Amazon

N/A

https://Aws.amazon.com
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Karl Deisseroth
(deissero@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
All procedures were approved by the Stanford University Institutional Animal Care and Use Committee.

Zebrafish

We used larval zebrafish for this study. All animals were group-housed in a standard 14-10 h light-dark cycle, temperature-controlled
room and raised according to Zebrafish International Resource Center (ZIRC) guidelines. No statistical methods were used to pre-
determine sample size, and animal selection was not randomized or blinded. All experiments were conducted during the light period
using fish between 10-15 days post fertilization (dpf), except for patch experiments which used 7 dpf fish and yoked experiment
which used 21-28 dpf fish. At these stages of development, the sex of larval zebrafish is not yet defined. Larvae were fed with para-
mecia (ParameciaVAp Co.) twice daily from 5-6 dpf onward. We used larval zebrafish bred from wild-type (ZIRC, ZL1) or Nacre (ZIRC,
ZL49) strains for free-swimming behavioral experiments. We used homozygous Tg(elavi3:H2B-GCaMPé6s) (Vladimirov et al., 2014)
fish on a transparent Nacre or Casper background for both light field microscopy and 2P microscopy imaging experiments. We
used Tg(ppp1r14ab:GAL4VP16; UAS:hChR2-mCherry) (Amo et al., 2014), on Nacre backgrounds for free-swimming optogenetic
vHb activation experiments. We used Tg(tph2:GAL4VP16; UAS:NpHR-mCherry) (Arrenberg et al., 2009; Yokogawa et al., 2012)
for free-swimming optogenetic raphe inhibition experiments. We used Tg(dao:GAL4VP16; UAS:NpHR-mCherry) (Arrenberg
et al.,, 2009; Amo et al., 2014) for free-swimming optogenetic vHb inhibition experiments. We used Tg(ppp1ri4ab:GAL4VP16;
UAS:hChR2-mCherry; elavi3:H2B-GCaMP6s) on a Nacre background for 2P imaging during optogenetic stimulation experiments.

METHOD DETAILS

Free-swimming behavioral challenge experiments

Custom closed-loop tracking and shocking system

Free-swimming behavioral experiments took place in plastic tanks (24 x 48 x 11 mm external; 21.2 X 46.5 mm internal; TAP Plastics)
filled with 8 mm of fish system water. The tanks had clear plastic sides covered with black electrical tape for all experiments except
those involving visual context changes. For those experiments, red-tinted clear plastic tanks with their sides covered with red elec-
trical tape were used and tank colors were counterbalanced between experimental conditions. Data collection was multiplexed using
two 2x4 arrays of tanks placed in a black enclosure to avoid visual disturbances. For tracking purposes, zebrafish were illuminated
from below using a 7”x7” transparent backlight panel (Green LED Lighting Solutions SMP-7x7-WHITE) modified to use infrared
850 nm LED light engines (Environmental Lights irrf850EV-kit) and passed through opal diffusion glass to achieve more uniform irra-
diance (Mola 7.125” diameter). An overhead camera (1280x960 resolution, 15 fps; Allied Vision Technology Manta G125B; Edmund
Optics 16mm/F1.4 lens, 59870) was used with an IR long-pass filter (ThorLabs FEL0800-1) to track the fish within their tanks. A Laser
Pico Projector (MicroVision ShowWX+) illuminated the tanks from below with white light during all experiments, except where other
patterns of illumination are described. Tanks were outfitted with two pairs of aluminum shock pads (Figure 1A) that were each 15 mm
wide and when activated together delivered a near-uniform electric field (McMaster-Carr 76925A5).

Behavioral challenge protocol

Fish were pipetted individually into the experimental tanks described above. After a 10-minute acclimation period, the position of
each fish was tracked during a 5-minute pre-shock period, a 30-minute BC period, and a 5-minute post-shock period. During the
BC period, 50 ms shocks were delivered at 1Hz for 30 min. Each shock was delivered by closing and reopening a relay (Panasonic
Electric Works DSP2A-DC5V) connected to a 5V power supply (Instek GPS-3030D). A custom PyQt graphical user interface was
used to control the relays via a microcontroller (Arduino MEGA 2560). The average current density during each 50ms pulse was
0.68pA/mm?. For Figure S3A, the BC period was altered to consist of 50 ms shocks delivered with pseudorandom inter-shock inter-
vals between 15 and 25 s.

For experiments assessing the recovery from reduced mobility (Figure 1E), all fish were handled identically. Immediately following
the end of the post-shock period, fish were retrieved from the aversive environment with a plastic pipette. They remained in the
pipette for 5 s before being placed in one of three environments: a neighboring tank of a different color filled with fresh fish system
water (neutral), the tank they were shocked in filled with fresh fish system water (partially-neutral), or the tank they were shocked in
without the water being replaced (aversive).

Pharmacological Treatment

For pharmacologic treatment with ketamine, fish were placed in a Petri dish filled with 0.0, 2.0, 50.0, or 200.0 pg/mL ketamine
(KetaVed, Vedco) in fish system water for 20 min — 50 ng/mL was used for all experiments except those in Figure S1C. Fish were
then pipetted into a second dish of fish system water for 30 s (to be rinsed), and then moved to a third dish of fish system water where
they were allowed to recover for 1 h, 4 h, or 24 h. After recovery, fish were exposed to a prolonged BC protocol lasting 60 min (instead
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of 30 min) to determine the time-course of the effect. For Figure S1B, fish were rinsed and then immediately placed in the behavioral
tracking system to monitor drug recovery. For imaging experiments, rather than being moved to a third dish, fish were embedded in
agarose in preparation for head-fixed imaging.

For pharmacological treatment with fluoxetine, fish were placed, in the late afternoon, in Petri dishes filled with 0.0, 0.2, 1, 5, or
20 uM fluoxetine (F132, Sigma-Aldrich) in fish system water. The following afternoon fish were then pipetted into a second dish of
fish system water for 30 s (to be rinsed), and then moved to a third dish of fish system water where they were allowed to recover
for 1 h. Fish were then exposed to BC.

Data analysis

Custom Python software was used to track the position of the fish in real-time during the behavioral experiments, and the position of
the fish in every frame was written to disk. The position of the fish in each frame was determined by subtracting a background image,
thresholding, and locating the largest connected component using OpenCV (Bradski, 2000). To ensure tracking was robust to subtle
changes in the background caused by effects such as evaporation, the background image was constantly updated at all pixels
greater than 6 mm from the current estimated fish location using an exponential smoothing model.

To convert the unit of measurement from pixels to millimeters, the edges of the tank within the tracking movie were specified
manually and used to warp the data onto a rectangle the size of the tank (typically 24mm x 48 mm, except in optogenetic inhibition
experiments) using a perspective transform. The measurements were smoothed using a 700ms window to remove slight jitter in
the position estimate. The median speed was computed in consecutive non-overlapping windows throughout the experiment (Fig-
ures 1B and 1C, lower right). These traces were then averaged across fish in different conditions (Figures 1D-1F). For Figure 1, fish
that did not have a speed of at least 1 mm/s during the pre-shock baseline period were excluded from all analysis.

Escapable shock and yoked-control experiments

This experiment utilized the closed-loop aspect of the fish tracking and shock delivery system described above to make the visual
and electrical stimuli dependent on the position of the fish within the tank in near real-time (< 66 ms lag; images acquired at 15 Hz).
Fish in both the escapable and inescapable cohorts were pipetted individually into the tanks used for BC, and allowed 15 min to accli-
mate. Each escapable cohort fish had a yoked inescapable cohort pair, and their tanks were linked in real-time via software. The
experimental design consisted of 60 trials separated by random intervals of 15-30 s. At the start of each trial, the half-tank where
the fish was swimming was colored blue by the underside projector. If the fish in the escapable cohort remained on the blue half
of the tank, then after 10 s, 1 Hz shocking would begin and continue for 20 s, after which the trial would end, shocking would
stop, and the underside of the tank would return to white. However, if at any point during the trial, the escapable cohort fish
swam across the midline of the tank to the white side, then the trial would end prematurely for both fish in the pair, meaning the un-
dersides of the tanks would return to white, shocking would cease (if it had begun), and the next inter-trial interval would begin. This
experiment was conducted on fish in two different age ranges, both 10-15 dpf and 21-28 dpf. The older age range was including
because zebrafish younger than 21 dpf have been shown incapable of simple associative learning (Valente et al., 2012) as is required
to recognize the escapable condition.

In situ hybridization

To eliminate the need for probe optimization and suppress background signal, we designed hybridization probes according to the
split initiator approach of third-generation in situ hybridization chain reaction HCR v3.0 (Choi et al., 2018). Even and odd 25-nt DNA
antisense cfos oligo pairs with split B1 initiator sequence was tiled across the length of the mRNA transcript and synthesized by
IDT and used without further purification. Dye-conjugated hairpins (B1-647) were purchased from Molecular Technologies (Pasa-
dena, CA).

30 min after the end of free-swimming BC, 10 dpf zebrafish were fixed overnight in 4% PFA in 1X PBST at 4°C. After washing
(3 times in 1X PBST; 5 m each), larvae were permeabilized for 10 m in 75% (v/v) methanol at —20°C and then rehydrated (50%
(v/v) methanol, 25% (v/v) methanol, then in 2X SSCT; 5 m each). Hybridization with split probes were performed overnight in 2X
SSCT, 10% (v/v) dextran sulfate, 10% (v/v) formamide at 4 nM probe concentration. The next day, larvae were washed (3 times in
2xSSCT, 30% (v/v) formamide at 37°C then 2 times in 2X SSCT at room temperature; 20 m each) then incubated in amplification
buffer (6X SSCT, 10% (v/v) dextran sulfate). During this time, dye-conjugated hairpins were heated to 95°C for 1 m then snap-cooled
on ice. Hairpin amplification was performed by incubating individual zebrafish in 50 uL of amplification buffer with B1 hairpins at con-
centrations of 240 nM overnight in the dark. Samples were washed 3 times with 5X SSCT for 20 m each, mounted in agarose, then
imaged.

Light field microscopy

Data collection

Larval zebrafish were immobilized by embedding in 2% ultrapure low melting point agarose (Thermo Fisher Scientific 16250-100) in a
modified 35 mm glass-bottomed Petri dish (MatTek P35G-1.5-10) and immersed in fish system water. The Petri dishes were modified
to have two electrodes (made either of 1mm-wide aluminum tape, McMaster-Carr 76925A5; or a 0.0625” x 0.3125” x 0.0293” 430
stainless steel strip, stainlesssupply.com, attached with Torr Seal), 1cm apart, running parallel down the center of the Petri. The fish
were embedded parallel to the electrodes and directly between them. Agarose posterior to the pectoral fin was removed, and the
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agarose was given 2-3 h to fully harden. LFM was performed on a modified Leica TCS SP5 Confocal system using a 10 x /0.6NA
Olympus water-dipping objective. A light field imaging path was constructed and connected to the camera port of the trinocular
(Levoy et al., 2006). The imaging path consisted of Leica’s 200 mm focal length tube lens followed by a f/11.36 100 um pitch microlens
array (custom part, Jenoptik), a reversed Nikon Nikkor 35mm /2 AF-D, a Nikon Nikkor 50mm /1.4 AF-D, and, finally, a sCMOS cam-
era (Andor Zyla 5.5 with F-mount). The 35mm and 50mm were connected front-to-front, focused to infinity, and set with apertures
fully open to act as a relay lens with a magnification of 50/35. The 50 mm lens was mounted to the camera, and these components
were mounted on a motorized linear drive (Thorlabs ZST25) for precise positioning relative to the lenslet array. In addition, the lenslet
array and this motorized drive were mounted on a second motorized linear drive (Thorlabs NRT100) for positioning of the lenslet array
in the image plane of the microscope without perturbing the position of the relay lens relative to the lenslet array. Light fields were
collected using a global shutter at 5 Hz under between 0.9 and 2.3 mW of wide-field excitation light depending on the expression
level of the individual fish (excitation: 470/40nm; dichroic: 495 nm long-pass; emission: 525/50nm; Leica GFP ET 1150-4164). A
custom PyQt graphical user interface built around the pManager python library (Edelstein et al., 2014) was used to acquire light field
images via Camera Link and control the delivery of shocks via a microcontroller (Arduino MEGA 2560) connected to arelay and power
supply as described above.
To calibrate the LFM optical path, we completed the following steps at the beginning of each imaging session:

1. Adjust the position of the relay lens using the first linear drive such that it is focused on the lenslet array itself. At this position the
square grid of lenslets is visible on the camera, and the image intensities invert with a slight shift of position.

2. Through the eyepieces, focus the microscope on a 1951 USAF target slide (Edmund Optics) resting on top of an auto-fluores-
cent plastic slide (Chroma Technology).

3. Adjust the second linear drive until the target slide is in focus on the camera. This positions the lenslet array into the image plane
of the microscope.

4. Remove the USAF target slide and use the eyepieces to focus the microscope into the center of the auto-fluorescent slide.

5. Use the first linear drive to move the focus of the relay lens back exactly one lenslet focal length. In this configuration, each
lenslet produces a circular disk of light on the sensor, and these disks are tangent with the disks produced by their neighboring
lenslets. This image is captured to be used as a radiometry image during deconvolution. Be sure the sensor is not saturated.

6. Remove the fluorescent slide and collect a dark image for use in deconvolution.

7. Enable transmitted illumination with the aperture stopped-down as much as possible to yield approximately collimated illumi-
nation. In this configuration, each lenslet produces a small spot of light on the sensor at the center of that lenslet. This chief-ray
image can be optionally used to improve deconvolution.

Prior to BC, fish were allowed to acclimate to the blue excitation light for 1 min. They were then imaged during a 5-minute pre-shock

period, a 30-minute BC period, and a 45-minute post-shock period.

Data analysis

Light field images were deconvolved into fluorescent volumes using a custom cloud computing platform. Light field images were first
uploaded to Amazon Web Services S3 and then individually reconstructed as fluorescent volumes using a wave-optics model of the
light path and the iterative Richardson-Lucy deconvolution algorithm (Broxton et al., 2013). This computation was performed on a
scaling cluster of up to 600 GPU spot-instances within Amazon’s Elastic Compute Cloud (EC2) in order to reduce data processing
time. After reconstruction, slight drift in the position of the fish between frames was corrected using affine robust alignment by sparse
and low-rank decomposition on an Apache Spark cluster running on EC2 (B. Poole et al., 2015; Grosenick et al., 2017; Peng et al.,
2012). The average volume of each fish was warped to a reference brain using the Computational Morphometry Toolkit (Figures S2A
and S2B) (Rohlfing and Maurer, 2003). This transformation was used to map anatomical regions manually defined in a reference brain
to each individual fish (Figure S2).

The average fluorescent volume over a two-minute window 5-min post shock was subtracted from the average fluorescent volume
over the final 2 min of the experiment. This difference volume was visualized by merging the three orthogonal maximum intensity
projections with the three orthogonal minimum intensity projections (Figure 2C). At each pixel the value of the maximum intensity
projection was displayed in red if the maximum intensity projection was larger than the absolute value of the minimum intensity pro-
jection; otherwise, the value of the minimum intensity projection was displayed in blue. For each fish, we then computed the average
fluorescence value in each of several anatomical regions (Figure S2F) and measured the percent change in this value between the end
of shock and the end of the experiment (Figure 2D). Statistics were computed using a two-way ANOVA with factors being the three
conditions and the regions (repeated-measure) followed by Tukey HSD post hoc comparisons (GraphPad Software Prism 7).

For assessment of LFM spatial resolution (Figures S2D and S2E), beads were located within the fluorescent volume using a non-
maximal suppression algorithm. Then for each bead, the lateral and axial FWHM was determined by fitting a Gaussian to the fluo-
rescent signal along the x and z dimensions through the center of the bead. The theoretical diffraction-limited FWHM values were
computed based on the following equations:

0.514
FWHMIatera/ = W
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Where 1 is the emission wavelength, n is the refractive index of water, and NA is the numerical aperture.

Two-photon microscopy

Data collection

Larval zebrafish were immobilized for imaging in an identical way to fish imaged using LFM. 2P imaging was performed using an
Olympus FVMPE multiphoton microscope (Olympus). Bidirectional resonant scanning and fast piezo axial scanning through a
25 x objective (Olympus XLPlan N 25 x NA 1.05 W MP) was used to collect volumes at 1-1.2 Hz. GCaMP6S was excited using
920nm light, and emission was collected through a 485 nm dichroic mirror and 495-540 nm emission filter using a GaASP detector.
The imaged volume spanned 562 x 241 x 76 um on average with 6-8 um between planes. The volumes contained between 8000 and
22000 identified neurons per fish.

During imaging, tail movements were recorded. The tail of the fish was illuminated from the side using an 850nm infrared LED (Thor-
labs M850L2). Images of the tail were collected from below the embedded fish at 120Hz with a high-speed camera (Allied Vision
Technology Manta G-031B) and a macro lens (Nikon AF-S DX Micro Nikkor 85 mm /3.5G ED VR) through two short-pass (Thorlabs
FES0900-1) and one long-pass (Thorlabs FEL0800-1) filter. Movie frames were stored in memory using custom Python software and
then saved as a mp4 movie at then end of the experiment. Functional imaging data and tail imaging data were synchronized by
recording the exposure times of the AVT camera and the scan times from the Olympus microscope with a data acquisition card (Na-
tional Instruments PCle-6343). A custom MATLAB graphical user interface was used to acquire and save the tail images; to deliver
shock via a microcontroller (Arduino MEGA 2560) connected to a relay and power supply as described above; and to acquire signals
from the data acquisition card.

Behavioral and functional imaging data were collected during a 1-minute acclimation period, a 5-minute pre-shock period, and
finally a 36-minute BC period. The BC period consisted of 50 ms shocks delivered with a uniform random inter-shock interval be-
tween 15 and 25 s (for 3 shocked fish and 4 re-exposed fish, this interval was instead 30 to 60 s). For re-exposed fish (Figure 5),
this protocol was conducted after first exposing the fish to the free-swimming BC protocol described above, then embedding it in
agarose and allowing 3 h for acclimation and recovery.

For MultiMAP fish (Figures 3H-3J), registration between functional imaging and 5-HT antibody staining was accomplished using
methods described in Lovett-Barron et al. (2017). Following functional imaging a structural imaging stack extending 15 pm above and
below the functional volume was collected 3 times at 1 um z-spacing and 16x frame averaging using 860 nm excitation in order to
record the structure of GCaMP+ cells without calcium-dependent fluorescence. After completion of behavior and imaging, a small
block of agarose containing the fish was cut out, submerged in ice-cold PBS, then placed into 4% PFA in phosphate-buffered saline
(PBS; pH 7.4, Life Technologies) with 0.2% Triton-X (PBST) in a 1.5 mL tube, overnight on a shaker at 4°C. Samples were then washed
with PBST and left on a shaker at room temperature for 2-4 h (repeated 2-3 times). Rabbit anti-serotonin (Immunostar, 20080) was
then applied at 1:200 in PBST, and samples were left on a shaker at 4°C for 48 h. Samples were then washed with PBST and left on a
shaker at room temperature for 2—4 h (repeated 2-3 times). Donkey anti-rabbit Alexa 594 then applied at 1:200 in PBST, and samples
were left on a shaker at 4°C for 48 h. Samples were then washed with PBST and left on a shaker at room temperature for 2-4 h
(repeated 2-3 times). At this point, whole-mount zebrafish samples (still in their agarose block) were re- mounted in agarose on a
Petri dish lid, and imaged. Post-fix structural imaging stacks was collected using the same imaging parameters using both
860 nm (GCaMP) and 1150 um excitation (Alexa 594), and chromatic aberrations corrected.

Data analysis

To process fish tail movies, custom Python software was used to process the movies into a set of tail movement times. The pixels
containing the fish tail were determined in each frame of the tail monitoring videos using adaptive thresholding and blob detection
algorithms from the Numpy, Scipy, and Scikit-image python packages (Oliphant, 2007; van der Walt et al., 2011, 2014). Tail move-
ments were identified by counting the number of tail-containing pixels that did not overlap between adjacent frames. The mean and
standard deviation of this value was computed in all 300 ms time bins. Because the tail is motionless the majority of the time, the
median of these statistics was used as a baseline that represented a motionless tail. Tail movements were then defined as periods
during which this value remained 4 standard deviations above baseline for 40 ms. Tail movements that were separated by less than
50 ms were merged as part of one swim movement.

To process 2P functional calcium imaging data, slight drift in the position of the fish between frames was corrected by applying an
affine robust alignment by sparse and low-rank decomposition to each plane (B. Poole et al., 2015; Grosenick et al., 2017; Peng et al.,
2012). Using the motion-corrected frames, regions of interest (ROIs) were identified by segmenting nuclei from the 90" percentile
image of each plane taken across the entire imaging session. These images were auto-leveled and template-matched to a nu-
cleus-sized disk before using local peak finding to identify seeds for the watershed algorithm which extracted ROls. ROls smaller
than 7 pixels in area were removed. A fluorescence signal for each ROl was generated by averaging the fluorescence value of all
pixels within the ROI at each frame. This signal was converted into a Af/f signal by subtracting and then dividing by the 5" percentile
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of fluorescence values. Each ROl was then assigned a set of anatomical labels based whether its centroid fell within a region’s bound-
aries. Brain region boundaries were defined manually for each fish using anatomical landmarks (Figure S4). For MultiMAP fish (Fig-
ures 3H-3J), the post-fix GCaMP structural stack was registered to the pre-fix GCaMP structural stack using a non-rigid b-spline
warp with CMTK (Figure 3H). Then for each functional imaging plane, the associated slice from the registered serotonin-stained stack
was overlaid on the extracted ROIs. The serotonin-positive ROls were then manually selected using a custom Bokeh interface
(https://bokeh.pydata.org) built in a Jupyter notebook (Perez and Granger, 2007).

The Pearson correlation coefficient was computed between the Af/f signal of each ROl and a piecewise linear function that had a
slope of zero during the 5-minute pre-shock period and a slope of one during the BC period (Figures 3D-3F and S3D). To prevent
these coefficients from having a negative (blue) bias, the Af/f signals were first de-trended by subtracting the smoothed median
Af/f signal across all ROIs in each fish (500 s box-filter). For the images in Figures 3F and S3D, the ROI of every neuron in the fish
(all z planes) was colored based on the Pearson correlation coefficient (r) between its Af/f signal and the regressor, and drawn using
an alpha of 0.2 since ROIs from different planes can overlap.

Baseline-subtracted Af/f signals were computed by subtracting the average Af/f value of each ROI during the 5-minute pre-shock
period. These signals were averaged over all the ROIs in each anatomical region, generating one signal per region per fish. The mean
and s.e.m. of these signals across fish are shown in Figures 3G, 5C, S5B, and S5C. Statistics were computed using a two-way
ANOVA with factors being the experimental condition and the time-point (pre-shock period and final two-min; repeated-measure)
followed by Tukey HSD post hoc comparisons (GraphPad Software Prism 7).

For the clustering of 5HT-positive and 5HT-negative neurons (Figures 31 and 3J), the linkage method in the Scipy hiarchical clus-
tering package was used with the cosine similarity distance metric and weighted clustering. The fcluster method was then used to
select the top 8 flat clusters based on the ‘maxclust’ criterion.

To quantify the size of the response to BC in each ROI, the standard deviation of the Af/f signal in the pre-shock period was
computed and used to convert the time-series into z-scores. If the absolute value of the average z-score in the final two-min of
the protocol was greater than 2 s.d., the ROl was considered to have a significant excitatory or inhibitory response (Figure 4A).
To characterize the dynamics of the significantly excited ROlIs in the vHb, the baseline-subtracted Af/f traces were smoothed with
a 5-minute box filter and fit with a scaled sigmoid curve, y = C/(1 + e ¥(t-10)) by minimizing squared error using the Scipy curve_fit
function (Figure 4B). The response duration of each ROl was then defined as the length of time over which the fit would transition from
the 10" to 90" percentile: 2 log((1/.9) — 1)/—k (Figures 4C and 4H). When this duration was reasonably short compared to the dura-
tion of the protocol - less than 30 min — the ROl was considered to have a well-defined response latency, t0 (Figures 4D and 4l). For
the raster in Figures 4E and 4J, the Af/f traces of the ROls were ordered by when the fits reached the 10" percentile. To determine if
the response latencies were consistent with being generated by a homogeneous Poisson point process, we sorted the response la-
tencies and computed the inter-latency intervals (e.g., inter-recruitment times). We then applied the Anderson-Darling statistical test
to assess whether these intervals were drawn from an exponential distribution. For all fish that had at least 25 cells with well-defined
latencies (n = 6/8), this test rejected the null hypothesis (p < 0.01), implying that the activation times did not appear to be have been
generated by a homogeneous Poisson point process. However, if outlier latencies (those above the 90 percentile) were excluded
these results were more mixed — null hypothesis accepted in 4/6 — suggesting this analysis may be sensitive to parameter selection.
For each fish, we also compared the inter-recruitment times (with outliers removed) to the expected variance of a homogeneous Pois-
son point process with an equivalent rate. This comparison showed that the variance of actual recruitment intervals was lower in 6/6
fish (p = 0.028, Wilcoxon signed-rank test; n = 6 fish), suggesting a ‘smooth’ recruitment process.

To assess whether vHb neurons with similar response latencies tended to cluster together spatially, the average difference be-
tween each ROIs’ response latency and the latency of its ten closest neighbors (based on centroid location) was computed. Neigh-
bors closer than 7 um (1.25 nuclei diameters) were excluded to be sure that neurons split into multiple ROIs would not bias the
measurement. Significance was assessed by non-parametric bootstrap. The average latency difference between each ROI and
its ten neighbors was compared to the average latency difference between each ROI and ten randomly selected neurons from
the vHb of the respective fish in the respective hemisphere. This was repeated 4000 times to estimate the probability that the
measured average neighbor latency difference would be observed by chance. The difference between each ROI’s neighbor latency
difference and the average latency difference of each of its 4000 random bootstraps is displayed as histogram in Figure 4G.
To assess significance, the average neighbor latency difference for all 979 vHb neurons was compared the average random latency
difference for all 979 neurons over 4000 bootstraps.

To assess whether an individual ROI had a significant acute response to shock, its shock-triggered response was computed by
extracting a 30 s window around each shock from the Af/f signal. These windows were baseline-subtracted using the 15 s prior
to shock and then averaged to generate a shock-triggered average response for each ROI (Figure S3E). The maximum of this
response during the 15 s following the shock was then compared to the maximum in 400 bootstrapped average responses generated
using the same procedure with uniformly distributed randomized shock times between the first and last shock to generate a percen-
tile. If this percentile was above 97.5, the ROl was considered to have a significant acute response to shock (Figure S3F). The loca-
tions of significantly responding neurons were visualized by overlaying their ROls on the max-projected volumes in Figure S3B, where
the alpha of each ROI was scaled from 0 to 0.8 according to the absolute magnitude of the Af/f response.

The head-fixed behavioral response to BC was assessed by examining the spontaneous movement rate. Movement times were
determined using the methodology described above. Movements that occurred in the one-second period following a shock were
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excluded as being non-spontaneous. The change in the rate of movement between the 5-minute pre-shock period and the last 5-min
of the BC period was computed for each fish (Figure 3C). The change in the rate of movement was also computed between the
5-minute pre-shock period and a sliding two-minute window (Figure 5B).

In vivo recording of opsin-expressing cells

Ta(ppp1ri4ab:GAL4VP16; UAS:hChR2-mCherry) and Tg(dao:Gal4-VP16; UAS:NpHR-mCherry) fish at 7 dpf were anesthetized in
16 png/mL tricaine (Western Chemical Tricaine-S) and paralyzed with 15 g/mL tubocurarine (Sigma-Aldrich T2379) diluted in extracel-
lular recording solution (134 mM NaCl, 2.9 mM KCl, 2.1 mM CaCl2, 1.2 mM MgCI2, 10 mM glucose, 10 mM HEPES, pH 7.8). Fish were
then embedded in 3% low melting point agarose diluted in extracellular solution and containing 15 g/mL tubocurarine. A scalpel was
used to remove agarose from over the Hb and forebrain, and a sharp tungsten needle (Fine Science Tools 10130-20) was used to peel
back the skin over the Hb. mCherry expressing neurons were visually identified for patching using an upright microscope (Olympus
BX51WI) equipped with DIC optics, filter sets for visualizing mCherry, and a CCD camera (Q-Imaging RoleraXR). Cells were patched
with patch pipettes with a resistance of 10 MQ and filled with internal solution (130 mM K-gluconate, 10 mM KCI, 10 mM HEPES,
10 mM EGTA, 2 mM MgCI2). After break-in, neurons were voltage-clamped at —65 mV. To stimulate ChR+ cells, 5 ms blue light
pulses (475/35nm filter; 10 mW/mm?) delivered once every 30 s using a Spectra X LED light engine (Lumencor) and delivered to
the slice via a 40 x /0.8NA water-immersion objective focused onto the recorded neuron. To inhibit NpHR+ cells a 560/25 nm filter
was used to generate 2 s pulses of 10 mW/mm? yellow light, with one second between pulses. Responses were baseline-subtracted
before averaging (Figures 6C and S6C).

Optogenetic experiments in free-swimming fish

For Figures 6A and 6D, we outfitted the free-swimming behavioral system described above with an overhead ultra-bright blue LED
projector (4300mW; 460nm peak; 24nm FWHM; Prizmatix UHP-T-LED-460-MP). The projector was controlled via the Arduino by the
PyQt graphical user interface designed for the free-swimming behavioral interface. The projector was mounted 18 inches above the
tank and modified with a lens such that the rectangular LED was imaged into the plane of the tanks. The size of the image was set to
cover 3 behavioral tanks simultaneous, and the power on the LED was set to achieve a measured power of 1 mW/mm? at the tank
bottom. Fish were allowed to acclimate for 10 min, exposed to 2 min of 20Hz 5ms stimulation, and then tracked for an additional
10 min. The speed of each fish was then computed in non-overlapping time bins as described above for Figure 1. As in Figure 1,
fish that did not have pre-stimulation speed of at least 1 mm/s were excluded from the analysis. For fish previously exposed to
the BC (Figure S6B), ChR stimulation occurred in a neutral context after fish were allowed to recover for 30 min. Fish that did not
recover to an average speed of at least 0.5 mm/s within 15 min were excluded from the analysis.

For inhibition experiments (Figures 6E-6I), we outfitted the free-swimming behavioral rig described above with two overhead ultra-
bright 545nm yellow LED projectors (Prizmatix UHP-T-545SR6-MP). Two projectors were necessary to reach the higher irradiances
required by NpHR. In addition, we moved the projectors and the camera closer to the tank to reduce the surface area of the illuminated
region and achieve an irradiance of 5 mW/mm?. This surface area was not sufficient to illuminate our standard tanks, thus we used
smaller tanks. Due the bright illumination, and despite the long pass filter on the tracking camera, moments when the LEDs were turned
on or off caused the tracking system to occasionally lose the fish. At these moments, the background image used by the tracking sys-
tem was refreshed to restore tracking within a few seconds. Data during these periods of failed tracking were excluded from analysis.

For serotonergic inhibition experiments (Figure 6G), we used a clear 3D-printed tank that was 15 mm x 25 mm with a depth of 5 mm.
The experimental design consisted of individually placing fish in the tank, allowing them to acclimate for 5 or 10 min, exposing them to
2 min of continuous 5 mW/mm? yellow light, and then tracking them for an additional 5 or 10 min.

For vHb inhibition experiments (Figure 6l), which required delivery of electrical shocks, we reduced the size of our standard tank by
inserting a clear barrier (portion of glass slide attached with Kwik-Sil) to restrict the position of the fish to the illuminated region.
Because the transgenic line, Tg(dao:GAL4VP16; UAS:NpHR-mCherry), showed variable expression of the fluorophore, fish were
carefully screened for either clear non-expression or clear bilateral expression. Even in fish with bilateral expression, only a subset
of vHb neurons appeared to be fluorescent. The experimental design consisted of individually placing fish in the tank, allowing them
to acclimate for 5 min, tracking them for 5 min, exposing them to 30 min of 1 Hz electrical shock, tracking them for 4 min, exposing
them to 2 min of continuous 5 mW/mm? yellow light, and then tracking them for an additional 4 min.

Optogenetic stimulation using two-photon laser scanning
2P imaging was conducted as described above but using a lower magnification 16 x /0.8NA Nikon objective to achieve greater
coverage. The stimulation location was cycled between 3 identically-sized rectangular stimulation areas in the same z-plane. These
covered the left vHb, the right vHb, and an identically sized control region within the telencephalon (where the ppp1r14a promoter
does not drive expression). This cycle was repeated between 30 and 40 times. The stimulation areas were laser scanned using gal-
vanometers with 86 pW of 458 nm light (Coherent Sapphire 458-20 CW) for 2 s (10 ps dwell, 25-40 ms per scan). Between each stim-
ulation period, 1 min of 2P functional imaging data was collected. The transition time between stimulation and imaging was 100 ms.
Functional imaging data was processed as described above.

To assess whether an individual neuron had a significant response to stimulation, its response to vHb stimulation (ipsilateral and
contralateral analyzed separately) was compared to laser-scanning of the telencephalic control area. This comparison provided a
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within-subject control for the neural response to sensing visible blue light. For each trial, the average fluorescence was computed in
the 10 s prior to the laser-scanning, as well as 0-2 s and 8-10 s post laser-scanning. From these values, the percent change in fluo-
rescence was calculated in each time window relative to the pre-stimulation period. These responses, one for each laser-scanning
trial of vHb stimulation, were compared to values from laser-scanning the telencephalon using a Student’s t test, in order to determine
if the cell showed a significant response to vHb stimulation relative to the blue light control (Figure 6K). For each fish, we computed the
percentage of cells within each brain region that showed either a significant activation or inhibition, and these percentages were
compared between ChR+ and ChR- fish using a Student’s t test (Figure S6D and S6E) to determine significance. The percentage
of cells responding in ChR+ fish were normalized by the average response in ChR- fish for display in Figures 6L and 6M.

Recurrent neural network model

Network design

A recurrent neural network model (schematic in Figure 7A) was built in which each network unit or model neuron, indexed by /, is
described by a total current x;, and an activity function. Here, the activity represents a Af/f signal extracted from the Ca2* fluorescence
imaged experimentally, r(x;), a nonlinear function of x;, where i = 7 to N is the total number of units in the network. Each variable obeys
the following equation: 7 dx; /dt = - x; + gXJ; r(x)+ H;, where T = 2.5 s is chosen to be the unit’s time constant, H is its external input
(represented by Ht) = Zu; hi(t), where the vector u denotes input weights), and J is a heterogeneous matrix of recurrent connections
whose strength is determined by the parameter g (schematic in the right panel of Figure 7A). Previous work (Rajan et al., 2010; Som-
polinsky et al., 1988) has shown that continuous activity-based networks of this type display rich, complex patterns of spontaneous
activity when synapses become strong (i.e., g>7) and are silent otherwise (i.e., g<7). Here, we pick g = 1.2-1.3. Synaptic weights car-
rying inputs onto a postsynaptic unit j from its presynaptic partner i, Jj, are the elements of the matrix J. J;; is modified here by applying
different learning algorithms, here recursive least-squares (Rajan et al., 2016; Sussillo and Abbott, 2009), described below, designed
to mimic the effect of different plasticity mechanisms. We build networks of the same size as the size of the experimental dataset
(denoted by N, between 5,000 and 20,000 units for the examples considered here), however, our state space analysis and inferred
effective connectivity results should hold for larger networks.

External inputs

Each unitin the network receives two kinds of external inputs, denoted here by the term H;: filtered white-noise with a small amplitude,
H"" (our previous work showed that noise during training improves the resilience of networks to noise during testing) (Rajan et al.,
2016), and a larger amplitude task-relevant input composed of a string of square-wave pulses, corresponding to the shock stimulus
presented experimentally to the larval zebrafish during the BC experiment, denoted by H*". The total input for unit i can therefore be
written as, H; = H*" + H"™; the amplitude of H*" is chosen to be sufficient to modulate the firing rates no greater than 0.01 times their
baseline, the amplitude of H"™, 10x larger, and delivered at the same time points as the shocks in the experiment. For the second set
of network models trained to match the optogenetics data (Figures S7B-S7E), the external input to unit j includes two additional in-
puts, blue light (H”“®) and a current for the light-induced activation of ChR+ units in the Hb (H,°"72); the overall input therefore be-
comes, H; = H*" + HP" e + HCR2_ Al input weights (i.e., entries in the vector u in the above expression) are also subject to plasticity
using the same learning rule at the time of the shock or light pulses, respectively.

Learning algorithm

Afferent synaptic weights carrying synaptic inputs to a unit, i, were subject to modification, changing based on the difference be-
tween its output, z;(t), and a target function, f{(t) (schematized learning rule in right panel of Figure 7A). Target functions are extracted
directly from experimental data in the form of Af/f signals (similar to the approach in Rajan et al. [2016]), thereby constraining the dy-
namics of the trained network models by empirical data from the start. To better denoise the target signals, constrained non-negative
matrix factorization (CNMF) was used to extract ROls and target signals from the data (Giovannucci et al., 2018), rather than the im-
age processing segmentation technique described above. For network models based on BC data, target functions were obtained by
first dividing the Ca* data into 3 time periods or “epochs,” each 6 min long: the 6 min prior to the delivery of the first shock (the base-
line epoch, denoted e7), the 6 min after the start of challenge (the challenge epoch, denoted e2), and the final 6 min of the experiment
(the passive epoch, denoted e3). For Figure S7A, five additional experimental BC fish were imaged as described in the 2P imaging
section above, but with imaging persisting for 6 min following the end of shocks (the post-challenge passive epoch, denoted e4). The
BC protocol for these fish was also slightly different from the protocol described above, with the BC period lasting 30 min and the
inter-shock interval being 10 s.

Each epoch provided a set of target functions for separately training a multi-region network model from the same random
initial start (denoted by J°). This makes each trained network model (and therefore, its respective connectivity matrix, denoted by
JM: condition, epochy 4 model of a ‘shapshot’ in the time-evolution of the behavioral/experiential state of the zebrafish. The learning
method updates the synaptic matrix J by an amount proportional to the inverse cross-correlation of firing rates, weighted by an error
function, which is the difference, zi(t) - ft), fori = 1 to N,,5, where N,,;, is the network size. The convergence of the learning algorithm
was assayed by 1) directly comparing outputs with data (Figure 7C), 2) computing percent variance of targets captured by the model
units (quantity denoted by pVar), and 3) calculating the mean squared reconstruction error between network rates and targets (quan-
tity denoted by err?, Figure 7B). Error bars for all quantities were computed over 5 different random instantiations of J° each.

For numerically simulating the network models whose example outputs are shown in Figure 7C, the integration time step used is
dt = 0.25 s (we use Euler method for integration). The learning occurs at every time step. Starting from a random initial state, we first
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run the program for 1500 learning steps, which include both the network dynamics and the learning algorithm, and then an additional
500 steps with only the network dynamics after the learning has been terminated (convergence metrics below, see also Figure 7B).
Here, a “learning step” is defined as one run of the program for the entire duration of the relevant experiment, denoted by T. Due to the
size of the models, training was conducted using custom MATLAB and python scripts running on Amazon Web Services with
c5.18xlarge instances.
Analysis of dynamics and effective connectivity
We first quantified the match between the experimental data (or the set of target functions), and the outputs of the model by the
amount of variance of the data (each denoted by D)) that is captured by the model’s outputs (here, each denoted by r), pVar =
[1— ({Di(t) — ri(1)Y2/(Di(t) — D(t))?)], which is one minus the ratio of the Frobenius norm of the difference between the data and
the outputs of the network, and the variance of the data. We used this measure to evaluate convergence of the algorithm. We
also used state space analysis based on principal component analysis or PCA to describe the instantaneous network state by diag-
onalizing the equal-time cross-correlation matrix of network firing rates given by, Q; = ((ri(t) — <r;>)(rj(t) — <r;>)), where < > de-
notes a time average. The eigenvalues of this matrix expressed as a fraction of their sum indicate the distribution of variances across
different orthogonal directions in the activity trajectory. We additionally define an effective dimensionality of the activity, Neg, as the
number of principal components that capture 90% of the variance in the dynamics. We also projected the population activity from the
Hb and raphe of the trained network model along with the corresponding experimental data onto the 3 largest principal components
(Figure 7D, 400 s of activity from challenge epoch of control and shock conditions).

Each network model we built and trained resulted in an effective connectivity matrix, here denoted by JV, (in Figures 7 and S7,
qualified by JV: condition. epoch o BG data and by JM °°"°n for optogenetics data). All measures were averaged over 5 instantiations
of J° to separate the fluctuations resulting from true differences in neural data collected under different conditions from spurious ef-
fects. First, we compared the overall magnitudes to determine variation by condition and time in the experimental data the network is
based on. Second, we quantified, and compared across conditions, the moments of the probability distribution of the recurrent
weights in JV. Adaptive learning involves two possible consequences of plasticity mechanisms, which might be impacted differently
in a maladaptive state: small changes to all or most synaptic weights, or large changes to a few synapses. These scenarios are re-
flected in the ‘even’ moments of JV, viz., standard deviation (reflects the overall strength of synapses in a balanced network) and
kurtosis (reflective of heavy-tailed or log-normal distributions). Third, we compared the distributions and moments of the ‘sub-
matrices’ of J, corresponding to the synapses within and between different regions or modules in the model. For Figure 7G, we
specifically compute the percent change in the standard deviation of the effective connectivity distributions between the baseline
epoch, e, and the passivity epoch, €3, within the specified sub-matrices for each fish presented in Figure S3D. Fourth, we examined
the eigenvalue spectra of JV (Figure S7E) and quantified the number of ‘unstable modes’, i.e., those with real parts > 1, since these
contribute to the ongoing network dynamics (Rajan et al., 2010) across different conditions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All analyses and visualizations were performed with custom code written in Python, using NumPy, Scipy, Matplotlib, IPython, Sea-
born, Statsmodels, Pandas, Scikit-image, Bokeh and Scikit- learn libraries (Hunter, 2007; McKinney, 2011; Oliphant, 2007; Pedre-
gosa and Varoquaux, 2011; Perez and Granger, 2007; van der Walt et al., 2011, 2014), with the exceptions that GraphPad Prism
7 was used for some statistical analysis, and MATLAB was used for the modeling work and visualization presented in Figures 7
and S7. All statistical details are described in the figure captions, including the exact values of n, what n represents, the definition
of center and dispersion, and the statistical tests used.
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Figure S1. Fish Recovery Rates following Context Changes and Ketamine Treatment, and Fish Responses to Escapable Shock, Related to
Figure 1

(A) Average speed of fish during the 5 min immediately following BC and then 0-5 min and 25-30 min after being placed in the specified recovery context. In-
dependent of the recovery context, fish show no significant change in their mobility state between the post shock period and the first 5 min of recovery (neutral:
p =0.23, n.s.; partially neutral: p = 0.89, n.s.; aversive: p = 0.25, n.s.; Student’s paired t tests; error bars are s.e.m.). Individual fish are indicated with gray lines. (B)
Speed of fish in one-minute intervals immediately following immersion in 50 ung/mL ketamine solution for 20 min (purple; n = 16; shaded area is 95% confidence
interval). After initially reduced movement, speed recovers to the level of untreated fish (black; n = 15) over 30 min (p = 0.15, n.s.). (C) The effect of dose and the
passage of time on the response to ketamine. Fish were first immersed in different doses of ketamine for 20 min, and then allowed to rest for 1, 4, or 24 h before
undergoing BC. We compared the average speed of fish between 25 and 30 min after the start of BC to untreated control fish during the same time period (left to
right p = 0.395, 0.026, 0.042, 0.030 and 0.857, respectively, Student’s t test; n = 8 in all conditions except 200 ng/mL 1hr, which included 20 fish). (D) The effect of
overnight immersion in fluoxetine at 0.2 M (n = 8), 1.0 uM (n = 8), 5.0 uM (n = 14), and 20 pM (n = 7) on the response to BC. At a 5 uM dose, behavioral change did
not cause fish to change speed significantly between baseline and post-shock (p = 0.065, paired Student’s t test), however the interpretation of this result as
resistance to passivity is confounded by the strong effect fluoxetine has on spontaneous movement. (E) Schematic of experimental design for examining the
behavioral effect of escapable shock. Fish in the escapable shock cohort could prevent or terminate the shocking by crossing the midline of the tank to the white
half. Each fish in the escapable shock cohort was paired with a yoked control that experienced identical visual and electrical stimuli. (F) The paths of one
representative pair of older fish, 21-28 dpf, during the 10 s following trial onset for the first 20 trials (left) and last 20 trials (right). Trials for which the blue stimulus
was presented on the right side of the tank were flipped horizontally such that escape is always to the right. (G) The paths of all older fish during the 10 s following
trial onset horizontally shifted to align the starting position of each trial. During the initial 20 trials, the escapable and yoked fish respond to trial onset indistin-
guishably (left). During the final 20 trials the yoked cohort exhibits reduced movements following trial onset, however this reduction does not occur within the
escapable cohort, suggesting the reduced movement does not reflect habituation. Small black dots indicate positions at start of each trial. Large red dots indicate
position 10 s after trial onset. (H) Histogram of the final path positions (shown as red dots in panel G) along the long axis of the tank. (I) The total shift in position
along the long axis of the tank toward the escape line 10 s after trial onset. In older fish, yoked inescapable-shock fish exhibit a significant reduction in movement
between the first twenty trials and last twenty trials (n = 12; 20 dpf; p = 0.006 Wilcoxon signed-rank test) and compared to the escapable-shock cohort (n = 12; 20
dpf; p = 0.030 Mann-Whitney U test), whereas escapable-shock fish do not show a significant reduction in movement (p = 0.583 Wilcoxon signed-rank test). In
younger 10-15 dpf fish, there was no significant difference between the inescapable cohort (n = 12) and the escapable cohort (n = 12) during the last twenty trials
(p = 0.10 Mann-Whitney U test; data not shown). This lack of a difference is consistent with younger fish being unable to learn the escape contingency (Valente
et al., 2012); other developmental changes could also contribute to altering the response to BC between the two age ranges. Error bar are 95% confidence
intervals (*p < 0.05; **p < 0.01).
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Figure S2. Registration and Resolution of LFM Volumes, Related to Figure 2

(A) The three Computation Morphometry Toolkit (CMTK) commands used to register LFM volumes to a common reference atlas. Input filenames for each
command are displayed in blue text; output filenames are displayed in red text; and optional parameters are displayed in green text. (B) Five evenly spaced
horizontal slices from a LFM volume of an experimental fish (green) and the LFM atlas (red) before (top) and after (bottom) non-rigid registration using CMTK. (C-E)
Assessment of spatial resolution of LFM. (C) Orthogonal maximum intensity projections of a light field volumetric reconstruction of 1um fluorescent beads
embedded in 1% agarose (100 pm scale bar; xy projection in top left; 200 ms exposure time; 6.3 mW excitation light). (D and E) The lateral (D) and axial (E) full width
at half maximum of individual fluorescent beads located at different depths within the volume displayed in panel C. These data provide an upper bound on the
resolution of our LFM microscope because the Richarson-Lucy deconvolution algorithm is optimal suited for sparse samples such as a bead volume (Broxton
et al., 2013; Shaked et al., 2011). For comparison, the theoretical diffraction-limited FWHM of the point spread function is 0.437 um laterally and 3.176 um axially
when using 515 nm light and a 0.6 NA objective. (F) Atlas region masks (teal) are shown overlaid on orthogonal maximum intensity projections of the LFM atlas.
(G and H) 2P stack of in situ hybridation for c-fos max-projected over 15 um within the vHb in three fish 30 min after the end of BC with 5V shocks (G) and no shocks
(H; 0V; blue triangle demarcate lateral edges of vHb; scale bar, 100 um).
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Figure S3. 2P Imaging of Brainwide Responses during BC, Related to Figures 3 and 5

(A) Modified BC causes immobility in freely swimming fish. Fish that are exposed to 50 ms shocks delivered with a uniformly distributed random inter-shock
interval between 15 and 25 s enter a reduced mobility state (n = 10; pink shading indicates shock period; p = 10~°, paired Student’s t test comparing average
speed in 5 min pre-shock to 5 min post-shock). (B) Max-projection of two representative fish with the ROI of neurons with significant shock-triggered activation
colored according to their Af/f response (red and blue indicate positive and negative responses, respectively; see STAR Methods). Significant responses
were distributed throughout the brain with clusters of large responses in the posterior portion of the vHb (white arrow on left) and the area lateral of the Neuropil
Region 6 (white arrows on right). (C) Shock-triggered Af/f response of significantly activated neurons in several anatomical regions throughout the brain.
(D) Images displaying the fit between the regressor and the Af/f Ca®* trace for all neurons across all z-slices for five fish from the control, shocked, and re-exposed
conditions. The ROI of each neuron is colored by the value of the Pearson correlation coefficient (r) between the regressor and its Af/f calcium trace. The ROls are
rendered partially transparent (alpha = 0.2) such that all planes can be perceived. The control and shocked fish in the top row represent the same fish that are
shown in Figure 3F for comparison. (E) Shocks activate vHb neurons. The shock-triggered average Af/f trace of a vHb neuron. The time of shock is indicated by a
dashed red line. To determine the significance of the shock-triggered response, 400 bootstrapped average responses were generated using randomized shock
times (see STAR Methods). The shaded areas indicate s.e.m. of shock-triggered responses (green) and bootstraps (beige). (F) The percentage of neurons in
the vHb that showed a significant shock-triggered activation in response to individual shocks was not significantly reduced by ketamine treatment in either the left
or right hemisphere (p = 0.52 and 0.60, respectively, Student’s t test). The percentage of activated neurons was also not significantly different between the
hemispheres in either the shocked, ketamine, or re-exposed conditions (p = 0.51, 0.66, and 0.28, respectively, paired Student’s t test). (G) The average baseline-
subtracted Af/f response for all vHb neurons separately for the left and right hemispheres in the control (left), shocked (center), and ketamine-treated (right)
conditions. Activity was not significantly different between the two hemispheres (p =0.81, p=0.08, and p = 0.20, respectively, paired Student’s t test on activity in
final two min). Shaded area and error bars are s.e.m.
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Figure S4. Anatomical Region Definitions for 2-Photon Imaging Data, Related to Figure 3

Dorsal habenula: violet; ventral habenula: purple; telencephalon: pink; dorsal thalamus: blue; ventral nucleus of the subpallium: teal; ventral thalamus: green;
raphe nucleus (superior raphe: median and dorsal subdivisions): light green; region containing the griseum centrale: orange; region containing the ventral

entopeduncular nucleus: peach.
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Figure S5. Raphe Activity Changes Are Not Correlated with Movement Rate Changes, and Re-Exposure Alters Responses in Griseum
Centrale, Related to Figure 5

(A) A scatterplot comparing the average baseline-subtracted Af/f value of all neurons in the raphe over the final 2 min of the protocol to the change in tail
movement rate reveals no significant correlation (gray line: linear regression; shaded area: 95% confidence interval; r = -.34, p = 0.091). (B and C) The mean Af/f
response for all neurons in the griseum centrale (B) and dorsal thalamus (C) across fish. In re-exposed fish (teal, n = 12), the griseum centrale showed a
significantly larger response during the first 5 min after the start of shocks compared to naive shocked fish (blue, n = 8; p = 0.029; two-way repeated-measures
ANOVA with Tukey HSD post hoc comparison). In the dorsal thalamus, there was also a trend toward a larger initial response, but it was not significant compared
to naive shocked fish (p = 0.138; two-way repeated-measures ANOVA with Tukey HSD post hoc comparison). Shaded areas are s.e.m. (“p < 0.05).
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Figure S6. Brainwide Responses to vHb ChR Stimulation, Related to Figure 6
(A) Max-projection of confocal stack of 15 dpf Tg(ppp 1r14ab:Gal4-VP16; UAS:ChR2-mCherry;elavi3:h2b-GCaMP6s) (scale bar = 150um ; yellow box demarcates
region shown in Figure 6B). (B) The speed of ChR+ fish (blue, n = 9) and ChR- clutch mates (black, n = 16) in response to BC (left) followed by recovery in a visually
distinct tank and then two minutes of 460 nm light pulses (20 Hz; 5 ms duration; 1 mW/mm?). ChR+ fish showed a significantly lower movement rate than ChR- fish
during the stimulation period (p = 0.0184). (C) Outward photocurrents in an in vivo voltage-clamped mCherry+ vHb neuron from a Tg(dao:Gal4-VP16; UAS:NpHR-
mCherry) fish (left) and mCherry— neuron from the same fish (right). Photocurrents were evoked by 2 s of 560 nm continuous light (yellow bars; average response
indicated by solid black line; n = 3 pulses for both NpHR+ and NpHR-). (D) The percentage of cells in each fish that showed a significant excitatory (upper) or
inhibitory (lower) response in the two seconds following stimulation in ChR+ fish (blue, n = 6) and ChR- fish (black, n = 4) in several regions both ipsilateral to
stimulation (left) and contralateral (right). (E) The percentage of cells significantly responding 8-10 s post-stimulation. Error bars and shaded regions are s.e.m. All
statistical tests are Student’s t tests unless otherwise indicated (*p < 0.05; **p < 0.01; **p < 0.001).
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Figure S7. Network Models Based on Data from BC and Optogenetics Experiments Show Consistent Effective Connectivity Mechanisms,
Related to Figure 7

(A) Confirmation that the results from Figure 7G persist in the post-challenge period. The modeling approach from Figure 7 was repeated with 5 additional fish that
were imaged for 6-min following the end of shocks (post-challenge period, denoted e4 for epoch 4, see Methods). The standard deviation of the projection-
specific connectivity strength distribution is plotted for models trained on activity from the baseline period (e7), the challenge period (e2), the late-challenge
passive period (e3) and the post-challenge passive period (e4) for all 5 fish. Intra-Hb and raphe-to-Hb connectivity undergo a significant change between e and
e3 (p = 0.025 and 0.017, respectively, paired Student’s t test), but intra-raphe and Hb-to-raphe connectivity do not (p = 0.168 and 0.134, respectively),
corroborating the results from Figure 7G. Intra-Hb and raphe-to-Hb connectivity also show a significant change between e and e4 (p = 0.035 and 0.048,
respectively), while intra-raphe and Hb-to-raphe connectivity do not (p = 0.462 and 0.349, respectively), showing that this result persists in the post-challenge
period. (B) Analogous to Figure 7E, but for models trained on data from optogenetic experiments (Figure 6J-6M). Log distribution of elements from the con-
nectivity matrix of models trained on activity from a representative ChR+ fish (J:°°°, magenta) and a representative ChR- fish (J°", gray). (C) Same as Fig-
ure 7F. (D) The distribution of elements in 4 sub-matrices of J*%°* (magenta) compared to control J*:°*" (gray). (E) Eigenvalue spectra. Distribution of the
eigenvalues of the randomly initialized matrix for comparison, J° (left and right, gray) and J¥: S €3 (left, orange) and JV °P*° (right, orange) were computed and
plotted. These are expressed in terms of the decay/growth rate of different dynamical modes of the network (1/s units) as a function of their time period (s units),
which indicates a non-random structure to the networks based on both the BC and optogenetic experiments. The black vertical line indicates the point of onset of
dynamical criticality, and the eigenvalues with real parts greater than this line are the ones that contribute to the ongoing dynamics in these networks (Rajan et al.,
2010; Sompolinsky et al., 1988).



