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Ongoing habenular activity is driven by forebrain
networks and modulated by olfactory stimuli
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In brief

Bartoszek et al. showed that ongoing
habenular activity is driven by the
ancestral homologs of amygdala (Dm)
and hippocampus (DI) in zebrafish

forebrain. Activating Dm and DI recruits a

partially overlapping set of habenular

neurons. Odor stimulation modulates the

ongoing activity and communication
between forebrain networks and the
habenula.

¢? CellPress


mailto:emre.yaksi@ntnu.no
https://doi.org/10.1016/j.cub.2021.08.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2021.08.021&domain=pdf

Current Biology ¢ CellPress

OPEN ACCESS

Ongoing habenular activity is driven by forebrain
networks and modulated by olfactory stimuli

Ewelina Magdalena Bartoszek,' Anna Maria Ostenrath,’-®> Suresh Kumar Jetti,%® Bram Serneels,' Aytac Kadir Mutlu,’
Khac Thanh Phong Chau,’ and Emre Yaksi'-%%*

1Kavli Institute for Systems Neuroscience and Centre for Neural Computation, Faculty of Medicine and Health Sciences, Norwegian University
of Science and Technology, Olav Kyrres gata 9, 7030 Trondheim, Norway

2Neuro-Electronics Research Flanders, Kapeldreef 75, 3001 Leuven, Belgium

3These authors contributed equally

4Lead contact

*Correspondence: emre.yaksi@ntnu.no

https://doi.org/10.1016/j.cub.2021.08.021

SUMMARY

Ongoing neural activity, which represents internal brain states, is constantly modulated by the sensory infor-
mation that is generated by the environment. In this study, we show that the habenular circuits act as a major
brain hub integrating the structured ongoing activity of the limbic forebrain circuitry and the olfactory infor-
mation. We demonstrate that ancestral homologs of amygdala and hippocampus in zebrafish forebrain are
the major drivers of ongoing habenular activity. We also reveal that odor stimuli can modulate the activity of
specific habenular neurons that are driven by this forebrain circuitry. Our results highlight a major role for the
olfactory system in regulating the ongoing activity of the habenula and the forebrain, thereby altering brain’s

internal states.

INTRODUCTION

Continuous interactions between the sensory world and the in-
ternal states of the brain are essential for survival. For example,
a sudden change in the environment by the presence of a salient
sensory cue can be critical for updating an animal’s brain from its
resting to an alert state.”? Seminal studies in human subjects
clearly demonstrated the presence of such rapid alterations
from a default state with high levels of brain activity® to an alert
state with reduced levels of global network activity and
increased activity in sensory or attention-related areas during
various tasks.”*> While the precise definition of a “brain state”
can vary depending on the timescales of investigated phenom-
ena, the link between ongoing (or spontaneous) brain activity
and the current state of the brain is well ac;cepted.a‘8 In fact,
ongoing neural activity has been observed across the nervous
system, from brain areas involved in sensory processing,’'? to
innate behaviors'® and higher cognitive function.'*'® Despite
the presence of ongoing activity across the brain and its rapid al-
terations coupled with brain state transitions, dedicated neural
pathways and their connection to ongoing brain activity and sen-
sory-evoked transitions remain to be identified.

One brain region that receives information from both sen-
sory' "% and cortico-limbic®®" brain structures, and exhibits a
high level of ongoing neural activity, is the habenula. This evolu-
tionarily conserved diencephalic nucleus®>*>** is a major hub
relaying information from diverse forebrain inputs®®2%2%3% to
its target regions that directly control animal behavior via the
release of dopamine, acetylcholine, and serotonin.'%:2:2%:35-%8
Previous studies established a direct role for the habenula
in adaptive behaviors,®%¢37:2943 |egrning,22:25:36:42:44.45 gng

L)

prediction of outcomes.?**%*4“® Not surprisingly, habenular
dysfunction is closely linked to several neurological conditions
and mood disorders including depression.®'*"*® Based on mo-
lecular profiles,*®" anatomical landmarks,**?%°2 and neural
activity,?%2%%5°3 hapenula s divided into numerous subdomains.
Most prominent in zebrafish are the dorsal (dHb) and the ventral
habenula (vHb), which are homologous to mammalian medial
and lateral habenula,®**>*>°? respectively. dHb is involved in
sensory processing, '°*%*°% circadian rhythms,*® social behav-
iors,*" and experience-dependent fear response,®”****° whereas
vHb plays important roles in learning®® and active coping
behavior.® Recent studies showed that ongoing neural activity
associated with the transition between brain states is present in
both dHb and vHb.5?93%3" |nterestingly, sensory cues that
have been shown to induce prominent behavioral responses in
zebrafish®*"°"5* were also shown to elicit distinct neural re-
sponses both in dHb'®2937:5% and vHb.5?° Yet it is less clear
how ongoing habenular activity is generated by the distributed
brain networks and how this ongoing activity interacts with sen-
sory responses in the habenula and across the brain.

In this study, we investigated how interactions between
ongoing and sensory-evoked activity can shape brain’s internal
states, in the habenula and across the entire zebrafish forebrain.
First, we showed that functional interactions of neurons within
distinct habenular subdomains are stable and spatially orga-
nized across different periods of ongoing activity. Next, we re-
vealed that ongoing habenular activity is driven by the ancestral
homologs of limbic forebrain regions, hippocampus (DI) and
amygdala (Dm). Finally, we demonstrated that olfactory cues
modulate the internally generated ongoing activity of habenular
neurons driven by ancestral limbic forebrain regions. Our results
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Figure 1. Ongoing activity of habenular neurons is temporally and spatially organized

(A) Representative example of ongoing habenular activity recorded by two-photon calcium imaging in Tg(eval3:GCaMP6s) zebrafish line. Habenular neurons are
clustered (C1-5) using k-means clustering over two consecutive time periods of 7 min each (period 1, top; period 2, bottom). Warm colors represent higher
calcium signals.

(B) Representative example of three-dimensional reconstruction of habenular neurons clustered using k-means clustering in two consecutive time periods (top
and bottom). Neurons are color-coded based on their cluster identity that corresponds to the calcium signals depicted in (A). L, left; R, right hemisphere; A,
anterior; P, posterior.

(C) The ratio of habenular neuron pairs remaining in the same functional clusters (high cluster fidelity) is significantly higher than chance levels during two different
time periods of ongoing activity. 315 + 35 (mean + SEM) habenular neurons were imaged in each fish (n = 11 fish). **p < 0.001, Wilcoxon signed-rank test.
(D) Relation between pairwise correlation of habenular neurons during ongoing activity and the distance between each neuron pair. Gray line represents shuffled
spatial distributions.

(E) Pairwise correlations of calcium traces of habenular neurons (p < 0.05) during two consecutive time periods, in black. Gray dots represent pairwise comparison
shuffled for pair identities. Actual data exhibit a correlation of ry,a = 0.756 for the pairwise correlation across two time periods, indicating robust synchrony

between pairs of neurons. Shuffled distribution is rg = —0.004.
See also Figure S1.

reveal that the habenula acts as a hub integrating limbic and
sensory signals, and olfactory cues switch internal brain states
by inhibiting the ongoing activity of the habenula and its ances-
tral limbic forebrain inputs.

RESULTS

Structured ongoing activity in the habenula is stable
over time

To investigate ongoing habenular activity, we performed volu-
metric two-photon calcium imaging across the entire habenula
of juvenile Tg(elavi3:GCaMP6s) zebrafish,?*°°" expressing
GCaMP6s pan-neuronally. In all our experiments, we used 3-
to 4-week-old zebrafish®® that were shown to exhibit complex
behaviors such as learning®**°" and social interactions,®>®*
which are mediated by habenular circuits.%*"#>4446 e
observed structured ongoing activity across the entire habenula
(Figure 1A), in line with earlier studies focusing on the dHb.*° To
quantify ongoing habenular activity, we performed k-means
clustering of habenular calcium signals. We observed that
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distinct functional clusters of habenular neurons exhibit synchro-
nous activity (Figures 1A, 1B, and S1A), which can optimally be
represented by around 5-6 clusters based on elbow test (Figures
S1B and S1C). Next, we investigated whether such functional
clusters in habenula are stable across different time periods by
comparing the activity of functional clusters that were recorded
in two consecutive time windows. We quantified the stability of
habenular clusters by measuring the probability of a pair of habe-
nular neurons in the same cluster during period #1 (Figure 1A,
top) to remain in the same clusters in period #2 (Figure 1A, bot-
tom), which we termed “cluster fidelity.”?°° We observed that
more than 40% of habenular neuron pairs remained in the
same cluster, which is significantly above chance levels (Fig-
ure 1C). Moreover, functional clusters of habenula remained sta-
ble (significantly above chance levels) across a range of different
time windows (Figure S1D) and with various selected number of
clusters (Figure S1E). Clusters of habenular neurons appeared to
be spatially organized (Figures 1B and S1). To quantify the
spatial distribution of the synchronous habenular activity, we
plot the average pairwise correlation of neurons versus the
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distance between them. We observed that nearby habenular
neurons exhibit more correlated/synchronous ongoing activity,
when compared to distant pairs of neurons within each habenu-
lar hemisphere (Figure 1D). Our results using k-means clustering
of ongoing habenular activity suggest that while neurons within
the same clusters exhibit highly correlated activity (i.e., within in-
dividual clusters of Figure 1A), neurons in different clusters can
also be anti-correlated (i.e., between cluster #3 and cluster #5
of Figure 1A). We investigated whether such correlations and
anti-correlations between habenular neurons are stable across
different time periods by plotting pairwise correlations of all re-
corded neuron pairs. In fact, we observed that correlations and
anti-correlations between habenular neurons remained stable
across different time periods (Figure 1E, black), and this relation-
ship was different from shuffled distributions of such pairwise re-
lationships (Figure 1E, gray). Our findings on functional clustering
and correlations of ongoing habenular activity also remained
consistent with deconvolved calcium traces (Figures S1F-S1l).
Taken together, these results revealed that the ongoing habenu-
lar activity is highly structured, stable over time, and spatially
organized into functional clusters of habenular neurons exhibit-
ing synchronous or anti-synchronous ongoing activity.

Distinct forebrain regions correlate with ongoing
habenular activity

Previous studies in mammals and zebra-
fish8:20.29.30,57,38,41,42,44.49.53 ghowed that several forebrain re-
gions send anatomical projections to the habenula. We asked
which of these candidate forebrain regions might drive or modu-
late ongoing habenular activity. To address this question, we
measured the ongoing activity of the entire forebrain of the juve-
nile zebrafish, including the habenula, by using volumetric two-
photon calcium imaging. To identify forebrain regions that might
drive distinct functional clusters of habenula, we asked which
forebrain neurons are highly correlated with the average ongoing
activity of individual habenular clusters (Figures 2A and 2B). We
observed that the neurons of dorsolateral (DI), dorsomedial (Dm),
ventrodorsal forebrain (Vd), and the olfactory bulbs (OB) con-
tained neurons with highest correlations to individual habenular
clusters (Figures 2C, 2D, S2A, and S2B).

To identify and quantify the forebrain regions driving habenula,
we manually delineated distinct forebrain nuclei using anatom-
ical landmarks that were identified by previous studies in zebra-
fish'"%"2 and in other teleosts”"’ (Figures 2E and 2F). To
further test whether anatomically identified forebrain regions
overlapped with functionally distinct forebrain clusters, we
compared those manually delineated forebrain nuclei (Figures
S2A and S2B) with k-means functional clusters of ongoing fore-
brain activity (Figures S2C-S2E). We quantified this overlap with
a previously used cluster selectivity index.??*° Cluster selectivity
would be “0” if all neurons of anatomically delineated nuclei were
randomly distributed to different functional clusters, or “1” if all
neurons of the nuclei were in the same functional cluster. In
fact, our results showed that cluster selectivity is significantly
higher than the chance levels for all forebrain regions (Fig-
ure S2F), suggesting that the neurons of manually delineated
forebrain regions are selective to one or few functional clusters.
Next, we asked in which of these forebrain regions we can find
neurons that are strongly correlated (Pearson’s correlation

23,25,26,28,64,65
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above 0.1) with the average ongoing activity of each habenular
cluster. Our results revealed that the DI, Dm, and Vd telence-
phalic regions, homologous to mammalian hippocampus,’®°
amygdala,®®7378 7981 and striatum,*>"® respectively, contain
the largest fraction of habenula correlated neurons, in addition
to the olfactory pathway (Figures 2G and S1l). These results sug-
gest that ancestral homologs of mammalian limbic forebrain
circuits in zebrafish, DI, Dm, Vd, are potential candidates to drive
ongoing habenular activity.

Next, we asked whether different sub-circuits of zebrafish ha-
benula might exhibit correlated activity with distinct forebrain re-
gions. To achieve this, we first identified functional habenular
clusters corresponding to dHb and vHb,*®*>%>°? based on the
spatial location of these functional clusters in the habenula (Fig-
ure S3A, red for dorsal and blue for ventral clusters). Subse-
quently, we quantified how the ongoing activity of these specific
functional clusters located in ventral versus dorsal habenula re-
lates to the ongoing activity of distinct forebrain regions. Our
results revealed that while the habenular neurons of ventral func-
tional clusters are correlated with significantly more neuronsin DI,
dorsal functional clusters of the habenula are correlated with
significantly more neurons in Dm and OB (Figure S3B). To verify
these results further, we performed dual-channel calcium record-
ings of Tg(elavi3:GCaMP6s) zebrafish that also express red
fluorophore mCherry in vHb (Tg(dao:GAL4VP16; UAS-E1b:
NTR-mCherry))*® and dHb (Tg(ham:GAL4VP16; UAS-E1b:
NTR-mCherry)).*> We observed that Tg(dao:GAL4VP16) labels
20% of habenular neurons located in vHb (Figure S3C, blue).
Moreover, we showed that average vHb activity correlates with
spatially organized forebrain neurons (Figure S3C, warm colors),
with a significantly higher preference for DI and significantly less
preference for Dm and OB (Figure S3D), when compared to
random habenular neurons. We also observed that Tg(harp:
GAL4VP16) labels on average 68% of Hb neurons in juvenile ze-
brafish (Figure S3E, red) and is, therefore, too broad to be used
as a specific genetic marker for dIHb neurons, unlike adult zebra-
fish.*? As a result, we saw that Tg(nharp:GAL4VP16)-labeled neu-
rons showed preference similar to general distributions of fore-
brain correlations of random habenular neurons (Figures S3E
and S3F), except the significant preference for OB. This data re-
vealed that despite largely overlapping correlation preferences
across habenula, the functional clusters corresponding to ventral
zones of the habenula exhibit a significantly higher tendency to
correlate with DI neurons, while the functional clusters located in
dorsal zones of the habenula prefer to correlate with Dm and OB.

Electrical micro-stimulation of limbic forebrain regions
DI and Dm elicits spatially organized responses in the
habenula

Our correlation-based functional connectivity measurements
(Figure 2) suggest that distinct limbic forebrain regions might
be the major drivers of ongoing habenular activity. To test this
hypothesis directly, we locally activated dorsal forebrain by a
glass micro-stimulation electrode while measuring forebrain
and habenular activity in a juvenile zebrafish brain-explant prep-
aration with intact connectivity.*® Inserting the micro-stimulation
electrode in DI or Dm allowed direct activation of a large fraction
of these dorsal forebrain regions (Figures 3A and 3J). Micro-stim-
ulation of DI and Dm elicit significant activation in 23%-29% of

Current Biology 37, 3861-3874, September 13, 2021 3863
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Figure 2. Ongoing activity of habenular neurons is correlated with sensory and limbic forebrain regions

(A) Three-dimensional reconstruction of habenular neurons detected in Tg(elav/i3:GCaMP6s) zebrafish line, clustered with k-means clustering. Colors represent
neural clusters with similar ongoing activity. L, left; R, right hemisphere. 315 + 35 (mean + SEM) habenular neurons were imaged in each fish (n = 11 fish).

(B) Ongoing activity of the habenular neurons corresponding to clusters in (A). Warm colors represent higher neural activity. Color-coded traces represent the
average activity of all neurons in each cluster.

(C) Three-dimensional reconstruction of forebrain neurons that are strongly correlated (Pearson’s correlation > 0.1) to average ongoing activity of different
habenular clusters in (B). Warm colors represent stronger correlations. 2,135 + 345 (mean + SEM) forebrain neurons were imaged in each fish (n = 11 fish).
(D) Ongoing activity of the forebrain neurons corresponding to clusters of neurons depicted in (C). Color-coded traces represent the average activity of neurons in
each cluster. Gray traces represent the average activity of habenular clusters in (B). Note that the ongoing activity of identified forebrain neurons and habenular
clusters is highly similar.

(E) Forebrain regions identified based on anatomical landmarks are color coded and overlaid on raw two-photon microscopy image. Scale bar represents 100 um.
Optical planes are shown from dorsal to ventral. A, anterior; P, posterior; D, dorsal; V, ventral.

(F) Three-dimensional reconstruction of forebrain regions shown in (E).

(G) Distribution of forebrain neurons with strong correlation (>0.1) to ongoing habenular activity into anatomically identified forebrain regions. DI, dorsolateral
telencephalon; Dd, dorsal nucleus of the dorsal telencephalon; Dm, dorsomedial telencephalon; Dp, posterior zone of the dorsal telencephalon; Vd, dorsal
nucleus of the ventral telencephalon; OB, olfactory bulb; Dmp, posterior nucleus of dorsomedial telencephalon; Dc, central zone of the dorsal telencephalon;
unclass, unclassified. Black lines represent mean + SEM (n = 11 fish). Each fish is presented as an open circle. Number of neurons detected in each brain region:

DI, 230 = 35; Dd, 55 + 9; Dm, 213 + 33; Dp, 155 + 24; Vd, 260 + 40; OB, 273 + 42; Dmp, 76 + 12; Dc, 111 + 17; unclassified, 774 + 120; mean + SEM.
See also Figures S1-S3.

habenular neurons (Figures 3B, 3C, 3K, and 3L) that are spatially ~ functional clusters in habenula by using k-means clustering (Fig-
organized (Figures 3D and 3M). Due to its intact connectivity, ures 3E, 3F, 3N, and 30). We observed that ~40% of habenular
juvenile zebrafish brain explant exhibits ongoing habenular neurons (significantly higher than chance levels) within a given
activity with a similar number of calcium bursts when compared  functional cluster remained in the same cluster during forebrain
to our in vivo recordings (Figure S4R). This ongoing activity in  micro-stimulation of Dm and DI (Figures 3G-3l and 3P-3R).
brain explants has sufficient structure that allowed us to identify = These results revealed a causal relationship between stimulation

3864 Current Biology 37, 3861-3874, September 13, 2021
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Figure 3. Electrical micro-stimulation of forebrain regions Dm and DI activates spatially organized clusters of habenular neurons

(A) Two-photon calcium signals upon electrical micro-stimulation of forebrain region Dm in Tg(eval3:GCaMP5) juvenile zebrafish brain explant. Warm colors
represent stronger neural activity. Cyan triangle represents electrode location. Habenula and Dm are delineated with dashed lines.

(B) Reconstruction of habenular responses upon Dm micro-stimulation.

(C) Histogram representing the responses of habenular neurons upon Dm micro-stimulation (511 + 72 neurons per fish, in n = 5 fish). Pie chart represents the ratio
of habenular neurons that are activated 2 SDs higher than baseline levels upon Dm micro-stimulation.

(D) Relation between pairwise correlation of habenular neuron responses upon Dm micro-stimulation and the distance between each neuron pair. Gray line
represents shuffled spatial distribution.

(E) Reconstruction of habenular neurons clustered with k-means functional clustering of their ongoing activity in juvenile zebrafish brain explant. Colors represent
habenular clusters with similar ongoing activity. Scale bar represents 50 um. L, left; R, right hemisphere.

(F) Ongoing activity of the habenular neurons corresponding to clusters in (E).

(G) Reconstruction of habenular neurons clustered during Dm micro-stimulation using k-means clustering. Colors represent habenular clusters with similar
responses to Dm micro-stimulation. L, left; R, right hemisphere.

(legend continued on next page)
Current Biology 37, 3861-3874, September 13, 2021 3865
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of forebrain regions Dm and DI with the activation of habenular
neurons, thereby confirming functional connections from these
ancestral limbic dorsal forebrain structures onto the habenula.
Our results also demonstrated that structured ongoing activity
of habenula carries information from its input regions in the
forebrain.

To further investigate how distinct forebrain inputs are inte-
grated in the habenula, we placed two micro-stimulation elec-
trodes simultaneously in Dm and DI regions of the same juvenile
zebrafish brain explant and sequentially activated these regions
while imaging the entire forebrain of Tg(elavi3:GCaMP6s-nuclear)
zebrafish.®” We observed that Dm and DI activation recruited a
partially overlapping, but distinct set of habenular neurons (Figures
4A and 4B). Despite the micro-stimulation of similar proportion
neurons in Dm and DI (Figure S4P), we observed that stimulating
Dm recruits a significantly higher ratio of forebrain responsive ha-
benular neurons when compared to DI stimulation (Figure 4C). We
also observed that Dm stimulation recruits a significantly larger
number of habenular neurons in the ipsilateral hemisphere (red la-
bels in Figures 4D and S4A-S4l), whereas DI stimulation elicited
similar responses in both ipsi- and contralateral habenula (blue la-
bels in Figures 4D and S4A-S4l). These results suggest that func-
tional inputs originating from Dm and DI might go through different
pathways before they reach partially overlapping populations of
habenular neurons.

Last, to confirm the specificity of our forebrain activation, we
choose to place our micro-stimulation electrode on the forebrain
region near Dp and Dmp, which are spatially close to habenula,
but without any known functional connections to habenula. In
fact, while micro-stimulation in the Dp/Dmp region elicits activity
in a similar ratio of neurons in the stimulated region when
compared to Dm or DI (Figure S4P), we observed that activating
this control Dp/Dmp region did not elicit activity significantly
more than the ongoing activity of the habenula, unlike activating
Dm and DI regions (Figure S4Q). We also showed that applica-
tion of glutamate receptor blockers (AP5/NBQX) silenced habe-
nular responses (Figures S4S and S4T), confirming that the
habenular responses upon forebrain micro-stimulation are not
due to direct electrical activation of habenula, but due to gluta-
matergic inputs received by the habenular neurons.

Current Biology

Sensory information and limbic dorsal forebrain inputs
are integrated in the habenula
Previous studies showed that habenular neurons receive direct
inputs from the olfactory bulbs'”"® and exhibit prominent che-
mosensory responses to diverse odors.'®%%%® Qur functional
connectivity analysis (Figures 2 and S3) and forebrain micro-
stimulation experiments (Figures 3 and 4) also showed that at
least a part of the ongoing habenular activity is generated by
the activity of the olfactory pathway and the limbic forebrain re-
gions Dm and DI. We asked how these chemosensory and non-
sensory forebrain inputs are integrated at the level of habenula.
To do this, we relied on our brain-explant preparation of juvenile
zebrafish, in which the noses were kept attached, allowing mi-
cro-electrode stimulation of limbic dorsal forebrain regions,
while delivering odors to the nose (Figure 5A). We observed ha-
benular responses upon both odor delivery and dorsal forebrain
micro-electrode stimulation (Figures 5B and 5C). We tested
whether the habenula has distinct populations of neurons with
different preferences for dorsal forebrain and olfactory inputs.
Interestingly, a majority of the habenular neurons that are
strongly activated by the micro-stimulation of the dorsal fore-
brain showed weak or no odor responses (Figure 5E), supporting
the idea that habenula is composed of distinct zones with sen-
sory or limbic inputs. Moreover, we observed that functional
clusters of habenula based on ongoing neural activity also
remain stable during sequential odor and forebrain stimulation
(Figure S5), supporting the idea that odors and forebrain inputs
activate relatively distinct functional clusters of the habenula.
Next, we asked whether chemosensory and limbic inputs to
habenula can influence each other when they are delivered
simultaneously (Figure 5D). We first visualized the influence of
dorsal forebrain stimulation on the habenular odor responses
by plotting the odor responses of habenular neurons against
the change of their odor responses in the presence of forebrain
stimulation (Figure 5F). In fact, 18.3% of odor-responding habe-
nular neurons showed a significant change in their odor re-
sponses upon forebrain stimulation (Figure 5F, black). The
majority of these significantly modulated odor responses were
weakly odor-responding habenular neurons, whose responses
were potentiated by forebrain stimulation. Next, we asked

(H) Responses of habenular neurons upon Dm micro-stimulation clustered by k-means clustering. Forebrain micro-stimulations are marked in red. Warm colors

represent higher neural activity.

(I) The ratio of habenular neuron pairs remaining in the same functional clusters (high cluster fidelity) is significantly higher than chance levels during ongoing

activity and Dm micro-stimulation. **p < 0.001, Wilcoxon signed-rank test.

(J) Two-photon calcium signals upon electrical micro-stimulation of forebrain region DI in Tg(eval3:GCaMP5) juvenile zebrafish brain explant. Cyan triangle
represents electrode location. Habenula and DI are delineated with dashed lines.

(K) Reconstruction of habenular responses upon DI micro-stimulation.

(L) Histogram representing the responses of habenular neurons upon DI micro-stimulation (575 + 92 neurons per fish, in n = 6 fish). Pie chart represents the ratio of
habenular neurons that are activated 2 SDs higher than baseline levels upon DI micro-stimulation.
(M) Relation between pairwise correlation of habenular neuron responses upon DI micro-stimulation and the distance between each neuron pair. Gray line

represents shuffled spatial distribution.

(N) Reconstruction of habenular neurons clustered with k-means functional clustering of their ongoing activity in juvenile zebrafish brain explant. Colors represent

habenular clusters with similar ongoing activity. L, left; R, right hemisphere.

(O) Ongoing activity of the habenular neurons corresponding to clusters in (N).

(P) Reconstruction of habenular neurons clustered during DI micro-stimulation using k-means clustering. Colors represent habenular clusters with similar re-

sponses to DI micro-stimulation. L, left; R, right hemisphere.

(Q) Responses of habenular neurons upon DI micro-stimulation clustered by k-means clustering. Forebrain micro-stimulations are marked in red.
(R) The ratio of habenular neuron pairs remaining in the same functional clusters (high cluster fidelity) is significantly higher than chance levels during ongoing

Hokk,

activity and DI micro-stimulation.
See also Figure S4.

p < 0.001, Wilcoxon signed-rank test.
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Figure 4. Activating Dm and DI recruits partially overlapping but different sets of habenular neurons

(A) Representative example of three-dimensional forebrain reconstruction in Tg(eval3:GCaMP6-nuclear) juvenile zebrafish brain explant. Neurons are color coded
based on their response to Dm (red), DI (blue), or both (magenta) stimulations, above 2 SDs higher than baseline levels. Non-responding neurons are marked in
gray. Scale bar represents 100 um; L, left; R, right; A, anterior; P, posterior.

(B) Responses of 8,703 individual habenular neurons to Dm (red) and DI (blue) stimulation or both (magenta) in 12 experiments. Pie chart represents the ratio of
habenular neurons responding at least one stimulation, 2 SDs above baseline levels.

(C) Fraction of responding habenular neurons (above 2 SDs) activated by Dm (red) and DI (blue) stimulations in the same brain explant, n = 12. Note that
significantly lager fraction of habenular neurons responds to Dm stimulation compared to DI stimulation (*p < 0.05, tailed Wilcoxon signed-rank test).

(D) Ratio of neurons in each habenular hemisphere activated by the stimulation of Dm (red) and DI (blue) regions that are located in ipsilateral versus contralateral
hemispheres. While Dm stimulation recruits a significantly larger fraction of neurons in ipsilateral hemisphere, DI stimulation recruits a similar fraction of neurons in

both habenular hemispheres (“p < 0.05, tailed Wilcoxon signed-rank test).
See also Figure S4.

whether odor stimuli can modulate the responses of habenular
neurons to forebrain stimulation. We observed that odor delivery
significantly modulates forebrain-driven responses in 21.7% of
habenular neurons (Figure 5G, black), with a broad preference
for inhibition of forebrain responses in the habenula, during
odor stimulation (negative values in y axis, Figure 5G). These re-
sults indicate that the habenula integrates chemosensory and
limbic information, and that these two different types of inputs
can modulate each other, with a prominent suppression of limbic
inputs during odor stimulation.

Chemosensory stimulation modulates the ongoing
activity of habenular neurons that are functionally
coupled with limbic forebrain regions

Our results combining odor delivery with forebrain micro-stimula-
tion in zebrafish brain explant showed that chemosensory stimu-
lation can modulate the activity of habenular neurons that receive
forebrain inputs. We asked whether such odor-induced modula-
tion of limbic forebrain-driven habenular neurons is present
in vivo. To test this, we first identified habenular neurons that
are strongly (top 5%) inhibited (in blue) or excited (in red) by a
range of attractive and aversive odors (Figures 6A and 6B) and
calculated the average ongoing activity of these neurons (Fig-
ure 6C). Next, we identified the top 5% of forebrain neurons (Fig-
ure 6D), which are strongly correlated with the ongoing activity of
habenular neurons that are either strongly inhibited or excited by
odors. Finally, we determined how these forebrain neurons with
strong correlations to odor-modulated habenular neurons are
distributed into anatomically identified distinct forebrain regions,
as described in Figures 2E and 2F. Our results revealed that ze-
brafish homolog of hippocampus DI contains the largest number
of neurons that are highly correlated with odor-modulated
(excited and inhabited) habenular neurons (Figure 6E). In fact,
Dl is the only forebrain region that contains neurons correlated
with odor-modulated habenular neurons (Figure 6E, blue and

red labels) significantly more than the shuffled chance levels
dictated by the size of individual regions (Figure 6E, dashed
line). We did not observe any difference in the effect of aversive
or attractive odors (Figures S6A and S6B). Our observations
were also robust at different thresholds for selecting forebrain
neurons strongly correlated with odor-modulated habenular neu-
rons (Figures S6C and S6D).

Our results demonstrate the presence of strong chemosensory
modulation (excitation/inhibition) of limbic-driven habenular activ-
ity. Yet it is not clear if such chemosensory modulation happens at
the level of habenular neurons or also at the level of limbic forebrain
regions of zebrafish. To investigate the distribution of chemosen-
sory modulation of dorsal forebrain neurons, we determined odor
responses across the forebrain. Our results showed that Dl is the
only forebrain region with odor-inhibited neurons significantly
above chance levels (Figure 6F, top). As expected, OB and olfac-
tory cortex (Dp)’" have the largest fraction of odor excited neurons
that are also significantly above the chance levels, in addition to
dorsal zone of dorsal telencephalon (Dd) (Figure 6F, bottom). We
observed no significant differences in the distribution of attractive
or aversive odor responses (Figures S6E and S6F). The locations
of forebrain regions that are strongly (top 5%) inhibited (blue) or
excited (red) by odors are highlighted in Figure 6G.

Next, we asked how much of this odor-induced excitation and
inhibition across the forebrain can explain the odor modulation of
habenular activity. To do this, we first identified neurons of spe-
cific forebrain regions that are strongly correlated (top 5%) with
the activity of odor-inhibited or odor-excited habenular neurons.
We then asked what percent of these habenula-correlated fore-
brain neurons are modulated by odors. We observed that only a
very small fraction (less than 5%-10%) of forebrain neurons that
are driving odor-modulated habenular neurons are inhibited
(blue) or excited (red) by odors (Figures 6H and 6l). This finding
suggests that odors can separately modulate the limbic fore-
brain and habenular neurons with limited functional connections,
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Figure 5. Habenular neurons integrate inputs from limbic dorsal forebrain regions and olfactory system in a non-linear manner

(A) Schematic representation of nose-attached brain-explant preparation in Tg(elavi3:GCaMP®6s) juvenile zebrafish, allowing simultaneous micro-stimulation of
dorsal forebrain and odor stimulation of the nose. Habenula is marked in green; stimulation electrode is marked in cyan. Red arrows represent olfactory and dorsal
forebrain inputs.

(B) Three-dimensional reconstruction of habenular responses to odor stimulation averaged over 6 trials. Warm colors indicate stronger neural responses. L, left;
R, right hemisphere.

(C) Three-dimensional reconstruction of habenular responses to dorsal forebrain micro-stimulation averaged over 6 trials.

(D) Three-dimensional reconstruction of habenular responses to simultaneous odor stimulation and dorsal forebrain micro-stimulation averaged over 6 trials.
(E) Responses of individual habenular neurons to odor stimulation and dorsal forebrain micro-stimulation from 2,550 neurons measured in n = 5 fish. Pie chart
represents the ratio of habenular neurons responding 2 SDs above baseline levels to only odors (red), only micro-stimulation (blue), and both (magenta).

(F) Change of odor responses in habenular neurons upon dorsal forebrain stimulation. Dark gray marks habenular neurons responding to odor stimulation. Black
marks habenular neurons responding to odor stimulation and that are significantly (p < 0.05, Wilcoxon signed-rank test) modulated by forebrain micro-stimu-
lation.

(G) Change of habenular neuron responses to dorsal forebrain activation upon odor stimulation. Dark gray marks habenular neurons responding to dorsal
forebrain micro-stimulation. Black marks habenular neurons responding to dorsal forebrain micro-stimulation and that are significantly (p < 0.05, Wilcoxon

signed-rank test) modulated by the presentation of odors.
See also Figure S5.

and that the odor modulation of habenular activity is recruited on
top of the odor responses that we observed in the forebrain.
Altogether, our results revealed that odors inhibit the activity of
the ancestral limbic forebrain circuits in zebrafish. We also
showed that odor-induced modulation of habenular activity
cannot solely be explained by the odor responses of forebrain
neurons. These findings suggest that odor stimulation not only
alters the dynamics of the forebrain circuitry but also changes
the way habenula integrates its forebrain inputs, and further
modulates the state of ongoing habenular activity.

DISCUSSION

In this study, we revealed the forebrain circuitry underlying
ongoing habenular activity and showed that this inter-connected

3868 Current Biology 37, 3861-3874, September 13, 2021

network can generate structured ongoing activity with strong
synchrony and anti-synchrony that is stable over time. Our re-
sults further showed that chemosensory stimuli can modulate
brain activity not only by activating the olfactory pathway, but
also by suppressing the ongoing activity of habenular networks
and its input regions in the forebrain that are ancestral to
mammalian limbic system. Interestingly, our micro-stimulation
experiments also revealed that the specific communication be-
tween habenula and its forebrain inputs is dampened in the pres-
ence of odor stimulation. Disruption of ongoing (or resting state)
brain activity with sensory stimuli has also been observed in hu-
man subjects,?*° suggesting a high level of evolutionary conser-
vation (or convergent evolution) of vertebrate brain dynamics
and the way they interact with the sensory world. Such interac-
tions could serve multiple purposes. First, disruption of ongoing
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Figure 6. Odor-modulated habenular neurons are functionally connected with limbic dorsal forebrain regions during ongoing activity

(A) Representative example of habenular responses to the odor stimulation recorded by two-photon calcium imaging in Tg(eval3:GCaMP6s) zebrafish line.
Distinct populations of habenular neurons are inhibited (top) and excited (bottom) upon odor stimulation. Dark colors represent inhibition (top 5% most inhibited
neurons). Warm colors represent excitation (top 5% most excited neurons). Individual traces represent average inhibition (blue) and excitation (red) of habenular
neurons. Asterisk indicates opening of odor valve; red bar indicates odor presentation.

(B) Representative example of three-dimensional reconstruction of top 5% odor inhibited (blue) and excited (red) habenular neurons from an individual fish. 916 +
39 (mean + SEM) habenular neurons were imaged in n = 10 fish.

(C) Ongoing neural activity of odor-inhibited (top) and odor-excited (bottom) habenular neurons in (B). Lines represent the average ongoing activity of odor-
inhibited (blue) and odor-excited (red) habenular neurons.

(D) Representative example of three-dimensional reconstruction of top 5% forebrain neurons that are correlated with the ongoing activity of odor-inhibited (blue)
and odor-excited (red) habenular neurons. 5,799 + 165 (mean + SEM) forebrain neurons were imaged in n = 10 fish.

(E) Anatomical distribution of forebrain neurons with strong correlations (top 5%) to ongoing activity of habenular neurons that are inhibited (top) and excited
(bottom) by odors. Red and blue colored circles highlight those forebrain regions that exhibit significantly higher synchrony to habenular neurons than the shuffled
chance levels dictated by the size of individual regions. p < 0.01, Wilcoxon signed-rank test. Black lines represent mean + SEM (n = 10 fish). DI, dorsolateral
telencephalon; Dd, dorsal nucleus of the dorsal telencephalon; Dm, dorsomedial telencephalon; Dp, posterior zone of the dorsal telencephalon; Vd, dorsal
nucleus of the ventral telencephalon; OB, olfactory bulb; Dmp, posterior nucleus of dorsomedial telencephalon; Dc, central zone of the dorsal telencephalon.

(F) Anatomical distribution of forebrain neurons that are most (top 5%) inhibited (top) and most excited (bottom) by odors. Colored circles highlight those forebrain
regions that exhibit significantly higher number of odor-inhibited (blue) and odor-excited (red) neurons than the shuffled chance levels dictated by the size of
individual regions. p < 0.01, Wilcoxon signed-rank test. Black lines represent mean + SEM (n = 10 fish). DI, dorsolateral telencephalon; Dd, dorsal nucleus of the
dorsal telencephalon; Dm, dorsomedial telencephalon; Dp, posterior zone of the dorsal telencephalon; Vd, dorsal nucleus of the ventral telencephalon; OB,
olfactory bulb; Dmp, posterior nucleus of dorsomedial telencephalon; Dc, central zone of the dorsal telencephalon.

(G) Three-dimensional representation of forebrain regions that show significantly higher number of odor-inhibited (blue) and odor-excited (red) neurons than the
shuffled chance levels dictated by the size of individual regions as in (F). DI, dorsolateral telencephalon; Dd, dorsal nucleus of the dorsal telencephalon; Dp,
posterior zone of the dorsal telencephalon; OB, olfactory bulb.

(H) Overlap of odor-responding (blue, inhibited; red, excited) neurons in each forebrain region and forebrain neurons that drive odor-inhibited habenular neurons.
(I) Overlap of odor-responding (blue, inhibited; red, excited) neurons in each forebrain region and forebrain neurons that drive odor-excited habenular neurons.
See also Figure S6.

or resting brain state by a salient sensory stimulus can facilitate
state transitions, when an animal needs to quickly attend,
adapt, and respond to salient environmental changes. In
fact, such a role of the habenula in behavioral flexibility and
adapting to new conditions has been demonstrated in both

zebrafish®36-3741:42:45 and mammals.’®* Second, dampening
of ongoing habenular and forebrain activity might increase the
sensitivity of these networks to incoming sensory information
by reducing background noise levels. This would, in turn, in-
crease the robustness of sensory representations of incoming
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stimuli following the first encounter,®® as is often the case with
olfactory stimuli that are received by repeated exposure to
odor plumes.®*# Finally, resetting the ongoing activity of limbic
forebrain networks might be an important mechanism allowing
animals to make new associations when conditions are altered,
as has been shown during reversal learning."***5#2 Discovering
how the ongoing activity of these networks adapts during
behavioral plasticity and learning will require well-established
behavioral assays and simultaneous imaging of forebrain and
habenular activity in juvenile zebrafish that can perform cogni-
tively demanding learning tasks.**°°2 Moreover, given the
multi-sensory responses of habenular circuits,”* it will also be
interesting to test whether such interactions between sensory
stimuli and ongoing brain activity generalize to other sensory
modalities (e.g., vision, auditory) in future studies.

Anatomical projections from the OB,'”’° entopeduncular
nucleus,?%?7:32:34865.87 gnd |ateral hypothalamus®®>%* to habe-
nula have been shown by several past studies. In addition to
these anatomically confirmed regions, our results showed that
DI and Dm, zebrafish homologs of mammalian hippocampus
and amygdala, are the main dorsal forebrain regions that are
strongly correlated with ongoing habenular activity. It is yet to
be discovered whether each distinct habenular sub-circuit en-
codes information from different forebrain regions. Our results
showed a small but significant preference for the functional clus-
ters located in dorsal regions of the habenula to be correlated to
Dm and OB, and ventral functional clusters as well as genetically
tagged vHb®® neurons to be significantly more correlated to DI
activity, and less with Dm and OB. Moreover, we also confirmed
our correlation-based functional connectivity measures by
further micro-stimulation of DI and Dm that activate a partially
overlapping but distinct population of habenular neurons. We
also observed that stimulating Dm recruits a larger number of
neurons when compared to DI, and preferentially in the ipsilateral
habenular hemisphere. These findings suggest that the func-
tional connections relaying information from Dm or DI to the ha-
benula might take partially overlapping but distinct pathways. To
our knowledge, no direct anatomical projections from DI or Dm
were reported to innervate habenula in zebrafish. Hence, func-
tional inputs originating from Dm or DI to habenula are most likely
to be polysynaptic, rather than direct connections. For example,
Dm neurons were shown to innervate ventral entopeduncular nu-
cleus®® and hypothalamus,®® both of which were shown to proj-
ect and strongly regulate habenular activity in zebrafish and
mammals,?0:25:33:34.64.6579.81 B neyrons are a larger group of
neurons that are likely functionally heterogenous due to the large
size of the DI region. All studies of Dl in teleost fish highlight a ho-
mology of this structure with hippocampal-entorhinal circuitry
related to episodic memory and spatial navigation.”™""8%8% |n
fact, similar to our findings in zebrafish, functional coupling be-
tween hippocampal circuitry and habenula has been shown
also in rodents.??°" All these results suggest that hippocampal
circuitry can communicate with the habenula, but likely through
indirect and polysynaptic connections, such as through ventral
entopeduncular nucleus or hypothalamus. Future studies will
be needed to map distinct polysynaptic pathways linking hippo-
campal circuitry to habenula.

It is also important to note that any functional connectivity
measure based on correlation of slow calcium signals has
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limitations, and it is difficult to predict what connects to what in
the brain, purely by synchronous calcium activity. For example,
slow timescale of calcium signals might limit the interpretation
of any correlation-based functional connectivity analysis as we
used here. To mitigate this, we showed that our critical findings
in ongoing habenular activity and forebrain-habenula interac-
tions can be reproduced using temporally deconvolving calcium
signals.? Future studies using genetically encoded voltage sen-
sors® and fast volumetric imaging will open new avenues for
functional connectivity analysis with better datasets. We also
supported our functional connectivity measures by micro-elec-
trode stimulations of distinct forebrain regions (Dm and DI), while
imaging habenular calcium signals. It is difficult to completely
rule out that micro-stimulation electrodes targeting Dm or DI
might directly activate habenula or activate descending axons
in the forebrain. To rule out these possibilities, we stimulated a
control forebrain region that is spatially even closer to habenula
(Dp/Dmp) (Figures S4J-S40). These control experiments did not
elicit significant habenular activity, demonstrating the strength
and specificity of our Dm and DI micro-stimulation approach.
Finally, we also showed that activating forebrain in the presence
of synaptic transmission blockers abolished habenular re-
sponses, which rules out the possibility of direct electrical activa-
tion. Yet further work is needed to functionally dissect zebrafish
forebrain and its connections to the habenula. For example,
extensive anatomical and molecular reconstructions of forebrain
neurons, by using newly generated electron and light micro-
scopy imaging datasets from zebrafish brains,®”:** will be crucial
to better understand zebrafish forebrain anatomy and relate it to
mammals. Similarly, optogenetic stimulation of specific fore-
brain regions combined with intracellular recordings will shed
more light onto direct or polysynaptic connections between
distinct forebrain regions and habenula.

As small vertebrates, zebrafish exhibit general principles of
vertebrate forebrain architecture. Most studies of zebrafish fore-
brain circuitry have investigated adult zebrafish with sophisti-
cated behaviors and large brains that are challenging to access
using optical imaging methods and require surgery.”*°® The
forebrain, especially the dorsal telencephalon, of transparent
5- to 10-day-old zebrafish larvae is not yet fully devel-
oped.?®#":% Hence, using 3- to 4-week-old juvenile zebrafish
provides an alternative approach to study a relatively developed
forebrain network®®®"-9° that is still optically accessible for imag-
ing the entire forebrain, including habenula, as we demonstrated
in this study. This approach allowed us to identify functionally
distinct populations of forebrain neurons, which also overlapped
with distinct forebrain regions that we could identify based on
anatomical landmarks. Despite its limitations, such as slow ki-
netics and sensitivity, our calcium imaging results allowed us
to relate some of these functionally defined zones in juvenile
zebrafish forebrain with adult zebrafish, other teleosts, and
even mammalian forebrain structures. Future studies of molecu-
lar profiling, anatomical reconstructions, and neural connectivity
of forebrain neurons will be important to further support our
calcium imaging-based functional clustering and connectivity
measures. Given the ability of juvenile zebrafish to perform
cognitively demanding behaviors such as social interactions®?®
and learning,***°~®" while allowing non-invasive functional imag-
ing, we hope that combinations of these approaches will shed
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further light onto the function and connectivity of forebrain net-
works during these behaviors.

Altogether, our results highlight the activity and connectivity of
forebrain networks underlying ongoing habenular activity and
reveal how habenula integrates olfactory and limbic information.
Our findings further support the idea that the habenula serves as
a main hub,?>** which can integrate sensory and non-sensory
information from diverse forebrain regions and relays this inte-
grated information to its downstream targets regulating animal
behavior.?°#%?%34 Given the important role of habenula in adap-
tive behaviors and mood disorders,*”** our results suggest that
sensory experience might provide a non-invasive pathway to
modulate habenular activity, perhaps also in humans. Future
studies with high-throughput and high-resolution brain imaging
methods in mammals may answer whether sensory information
can perturb the dynamics of ongoing activity of mammalian
habenula.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

MS222 (Tricaine methanesulfonate) Sigma-Aldrich Cat# E10521
LMP Agarose Fisher Scientific Cat# 16520100
PBS Thermo Fisher Scientific Cat# BR0014G
NBQX Tocris (Bio-Techne Ltd) Cat# No. 0373
d-AP5 Tocris (Bio-Techne Ltd) Cat# 0106/10
Cadmium chloride Sigma-Aldrich Cat# 202908
Alanine Sigma-Aldrich Cat# A7627
Phenylalanine Sigma-Aldrich Cat# P5482
Methionine Sigma-Aldrich Cat# M9625
Histidine Sigma-Aldrich Cat# H8125
Cysteine Sigma-Aldrich Cat#168149
Arginine Sigma-Aldrich Cat# A5006
Glutamic acid Sigma-Aldrich Cat# G1251
Taurodeoxycholic acid (TDCA) Sigma-Aldrich Cat# T0875
Taurocholic acid (TCA) Sigma-Aldrich Cat# T4009
Urea Sigma-Aldrich Cat# U5378
Ammonium Chloride Sigma-Aldrich Cat# A9434

Zebrafish lines

Tg(elavi3:GCaMP6s) and
Tg(elavi3:GCaMP6s-nuclear)

Tg(elavI3:GCaMP5)
Tg(dao:GAL4VP16; UAS-E1b:NTR-
mCherry))

Tg(narp:GAL4VP16; UAS-E1b:NTR-
mCherry)

Expresses GCaMP6s panneuronally®”
Expresses nuclear GCaMP6s
panneuronally®’

Expresses GCaMP5s panneuronally*°
labels vHb neurons in adult and juvenile
zebrafish®®

labels dIHb neurons in adult zebrafish and

broadly labels dorsal habenula in 3 weeks
old juvenile zebrafish*®

ZFIN Cat# ZDB-ALT-141023-1
ZFIN Cat# ZDB-ALT-141023-1

ZFIN Cat# ZDB-FISH-150901-22335
ZFIN Cat# ZDB-FISH-150901-28994

ZFIN Cat# ZDB-FISH-150901-29851

Software and algorithms

ImageJ/Fiji https://fiji.sc/ N/A

Cell detection, Image alignment and 80.55,56 N/A
processing

Other

Two-photon microscope Scientifica N/A
Two-photon microscope, 7MP Zeiss N/A

Sutter Laser puller Sutter Model P-200
Bipolar stimulator-1 AMPI ISO-Flex
Bipolar stimulator-2 Digitimer DS3

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Emre Yaksi

(emre.yaksi@ntnu.no).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
Calcium imaging data and main associated codes that are used to make figures are available at: https://doi.org/10.5061/dryad.
z08kprrd?.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish maintenance and strains
NFSA (Norwegian Food Safety Authority) has approved the animal facility and fish maintenance. Fish were kept in 3,5L tanks in a
Tecniplast ZebTec Multilinking System. Constant conditions were maintained: 28.5°C, pH 7.2, 700 uSiemens. 14:10 h light/dark cy-
cle was preserved. Dry food (SDS100 up to 14 dpf and SDS 400 for adult animals, Tecnilab BMI, the Netherlands) was given to fish
twice a day, in addition to Artemia nauplii (Grade 0, Platinum Label, Argent Laboratories, Redmond, USA) once a day. From fertiliza-
tion to 3 dpf (days post fertilization) larvae were kept in a Petri dish with egg water (1.2 g marine salt in 20L RO water, 1:1000 0.1%
methylene blue) and between 3 and 5 dpf in artificial fish water (AFW: 1.2 g marine salt in 20L RO water). Juvenile (3 to 4-week-old)
zebrafish from were used for the experiments. Animals were used and analyzed irrespective of their gender.
Tg(elavi3:GCaMP5),*° Tg(elavi3:GCaMP6s) and Tg(elavi3:GCaMP6s-nuclear)®” zebrafish lines were used for two-photon calcium
imaging. Tg(dao:GAL4VP16; UAS-E1b:NTR-mCherry)° line was used to genetically label ventral habenula and (Tg(harp:GAL4VP16;
UAS-E1b:NTR-mCherry)** line was used to genetically label dorsal habenula.

Ethical guidelines statement
All experimental procedures performed on zebrafish larvae and juveniles were in accordance with the Directive 2010/63/EU of the
European Parliament and the Council of the European Union and approved by the Norwegian Food Safety Authorities.

METHOD DETAILS

Two-photon calcium imaging

For in vivo imaging, fish were embedded in 2-2,5% low-melting-point agarose (LMP, Fisher Scientific) in a recording chamber
(Fluorodish, World Precision Instruments). To ensure odor to arrive to the nostrils, the LMP agarose was removed carefully in front
of the nose, after solidifying for 20min. The constant perfusion of AFW bubbled with carbogen (95% O, and 5%CO,) was maintained
during the experiment.

For in vitro imaging, brain explants were prepared as described in section “Dissection of juvenile zebrafish brain explant” below.
The preparation is constantly perfused with artificial cerebrospinal fluid (ACSF). ACSF was bubbled with carbogen (95% O, and 5%
COy,) throughout the experiment.

Two-photon microscopes were used for calcium imaging: Scientifica, with a 16x water immersion objective; Nikon, NA 0.8, LWD
3.0 and Zeiss 7 MP with a 20x water immersion objective W Plan-Apochromat, NA 1.0. For excitation a mode-locked Ti:Sapphire
laser (MaiTai Spectra-Physics) was tuned to 920nm. Recordings were performed as either single plane or volumetric recording
(6-8 planes with a Piezo (Physik Instrumente (PI)). The acquisition rate was 6,4Hz for single plane recordings (image size 256x512
pixels) and between 2.3-3.4Hz per plane for volumetric scans (average image size 1536x750).

Odor preparation

Our odor panel consisted of food odor (1g/50ml dilution), skin extract (1g/50ml dilution), urea (10 M), bile-acid mixture (taurocholic
acid, taurodeoxycholic acid at 5x10* M), amino acid mixture (Alanine, Phenylalanine, Methionine, Histidine, Cysteine, Arginine,
Glutamic acid at 10™* M), and ammonium chloride (10™* M). All odorants were purchased from Sigma Aldrich. Food odor was prepared
using commercially available fish food; 1g of food particles was incubated in 50ml of fish water (FW) for at least 1 h, filtered through
filter paper, and diluted to 1:50. For skin extract,”” adult zebrafish were first euthanized in ice-cold water and decapitated, the skin
was peeled off from the body. 1g of skin was incubated in 2ml of AFW and was vortexed at 1300rpm for 1 h at 4°C. After, the skin
extract was dissolved in 50ml of AFW and filtered through the filter paper. All odors were prepared from the frozen stocks immediately
before use.

Odor delivery

The stimulation tube was positioned in front of the nose and the stimulus was delivered for 30 s. The stimulation was performed with
HPLC injection valve (Valco Instruments) controlled with Arduino Due. Before each experiment, a trial with fluorescein (10~*M in AFW)
was performed to determine precise onset of odor delivery.

Micro-electrode stimulation

Electrodes were pulled from a borosilicate glass microcapillary (1.00 mm; World Precision Instruments) using a laser puller (Sutter
Instruments Model P-2000). For single electrode stimulations (Figures 3 and 5), electrode tips were broken so that the final tip diam-
eter of the stimulating electrode was around 10-15 um. For dual electrode stimulations (Figures 4 and S4), high resistance
(10-12MOhm) patch electrodes were used. The electrode was filled with artificial cerebro-spinal fluid (ACSF). Two-separate elec-
trodes were connected to two poles of the ISO-flex stimulus isolator (A.M.P.l.), and electrodes were glued by two-component epoxy
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so that the electrode tips are close to each other (within 1-2 mm). Only a single electrode tip was inserted and positioned in the brain
explant using a micromanipulator (Scientifica, UK), and the other tip was left outside the brain. A train of 6 short current pulses (2-5 pA)
for 50 ms duration and 20 s inter stimulus intervals was applied to the target brain region. For dual electrode stimulations, a train of 10
short current pulses (1 mA) for 2 ms duration and a inter stimulus interval of 60 s was applied to the first electrodes in the first target
region, then followed by the same stimulus train for the other electrode in the next target region.

Dissection of juvenile zebrafish brain explant

All animals (3-4 weeks post fertilization) were anesthetized in ice-cold artificial fish water (AFW) and euthanized by decapitation in
oxygenated (95% 0./5% CO,) artificial cerebro-spinal fluid (ACSF). The ACSF was composed of the following chemicals diluted
in reverse osmosis—purified water: 131 mM NaCl, 2 mM KCI, 1.25 mM KH,PO4, 2 mM MgSO47H,0, 10 mM glucose, 2.5 mM
CaCl,, and 20 mM NaHCO3.°” Brain-explant dissections and experiments were was carried out in ACSF, bubbled 95% 0,/5%
CO,. After removing jaws and eyes, muscle tissue, gills and fat were cleaned to allow oxygen diffusions to the brain explant.
Next, the skin tissue, bone and dura mater covering the forebrain was removed from the dorsal side, allowing electrode access.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-photon microscopy images were aligned using a method described in Reiten et al. and Diaz Verdugo et al.*>°® Recordings were
then visually inspected for remaining motion and Z-drift, recordings with remaining motion artifacts were discarded. Regions of in-
terest (ROls) corresponding to neurons were automatically detected using a template matching algorithm,*%°° and visually
confirmed. To calculate the time course of each neuron, pixels belonging to each ROl were averaged over time. For each ROI,
fractional change in fluorescence (AF/F) relative to baseline was calculated.

Neurons were clustered into functional clusters using k-means clustering algorithm in MATLAB (Figures 1A, 2B, and 3E).*° For Fig-
ure 2 an average activity of all neurons in each cluster of the habenula was averaged. This population vector was used as a reference
activity and correlated with each neuron in the telencephalon.

Delineation of brain regions in the telencephalon was done manually on the raw image of the brain (as in Figure 2E) based on
anatomical landmarks described in previous studies in zebrafish and other teleost fish.6%:76-78:80.95

To identify optimal number of k-means clusters in the habenula and in the rest of forebrain, we used elbow-method.®® First, the
distance of each cluster element to the centroid of that specific cluster was calculated, and this value was normalized by distances
from each cluster element to every centroid. This operation is iterated for 1-30 number of cluster number ‘ks’ (Figure S1B, black
traces), and compared to shuffled/simulated data with same mean and variance, but no clustering (Figure S1B, gray traces), and
subtracted to find the peak distance between real data and simulated data with no clusters, to reveal the optimal clusters number
(Figure S1C). These analyses revealed that ongoing habenular activity can be optimally represented by 5-6, which we choose to
use in our analysis. In addition to identifying optimal number of clusters, we also further verified that our key results are consistent
even at multiple iterated numbers of clusters (Figure S1E).

Cluster selectivity was calculated to quantify the overlap of manually delineated brain regions with functional clusters of neurons
identified using k-means clustering based on their spontaneous activity. Cluster selectivity index is the life-time sparseness30 for the
distribution of neurons within an anatomically defined brain region across the k-means clusters. If cluster selectivity is 1, it means
that neurons of an anatomically identified brain region belong to one functional cluster. If cluster selectivity is 0, all neurons of an
anatomically identified brain region are equally distributed into all functional k-means clusters.

Cluster fidelity was calculated by measuring the probability of pairs of neurons being in the same cluster during two different time
periods.*® We compared the cluster fidelity of real k-means clusters with shuffled the cluster identities of same neurons. We also
verified that cluster fidelity of habenular neurons are stable across time, by calculating cluster fidelity across 10 consecutive
2.2 min time periods across 22 min of stable recording period (Figure S1D).

Across this paper, neurons were considered as responsive (to odor or forebrain stimulation) if their response (5 s) exceeded 2 stan-
dard deviations above the 5 s-baseline period preceding the stimulation. To calculate how odor and micro-stimulation influenced
each other, we compared whether these two different stimuli can significantly (using Wilcoxon signed rank test) change each other
when delivered simultaneously (odor + micro-stimulation).

In Figure 6, odor responses of habenular neurons were sorted by correlating their odor response with a step function, as previously
described in Cheng et al.'® Top 5% of habenular neurons with highest or lowest correlations were considered as strongly excited or
inhibited, respectively. Averaged ongoing activity preceding the stimulation in those classified habenular neurons was used as a
reference vector and correlated with each forebrain neuron to identify forebrain neurons that are highly correlated with excited or
inhibited habenular neurons.

Statistics

Statistical analysis was done using MATLAB; p values are represented in the figure legends as (*p < 0.05, **p < 0.01, **p < 0.001).
Wilcoxon ranksum test was used for non-paired comparisons and Wilcoxon signed rank test for paired comparisons. All analysis was
performed with Fiji and MATLAB.
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Figure S1. Functional clusters of habenular neurons are robust and stable across time.

Related to Figures 1 and 2.



(A) Three-dimensional reconstructions of functional clusters of habenular neurons
identified using k-means clustering in n=11 zebrafish. Functional clusters of
neurons with similar ongoing activity are color-coded into 5 clusters. Colors are
arbitrarily assigned by clustering algorithm, but manually matched across animals
L-left; R-right hemisphere, A-anterior, P-posterior.

(B) Identification of optimal number of clusters by using elbow analysis. Elbow
analysis calculate the sum of intra-cluster distances “D” of each cluster element,
normalized by sum of average inter-cluster distances of each cluster element, for
actual data (black), and for simulated data (100 iterations) with the same variance of
actual data but with no cluster structure (grey), in n=11 zebrafish. This calculation
is repeated for up to 30 clusters (x-axis). Optimal number of clusters is the elbow
point, where the black curve shows a prominent bend. Dashed lines marks k-means
analysis for 5 clusters. Shaded bars are SEM.

(C) Optimal number of clusters is further revealed, when actual data is compared to
simulated data with similar variance but no cluster structure, by taking the
difference of two curves in (B). Note that the peak point of this difference reveals 5-
6 optimal number of clusters in ongoing habenular activity. 5 clusters were chosen
to be used in k-means analysis of habenular activity in this paper for keeping the
color scheme simple and easy to visualize.

(D) Stability of habenular clusters is investigated by calculating cluster fidelity of
neurons (mean £ SEM) in the first 2.2 minute in comparison to consecutive
2.2 minute time bins, in real data (black), and in simulated data with shuffled cluster
identities (100 iterations, in grey). Note that while cluster fidelity remains stable
(around 40%, and with no significant change across consecutive time points),
simulated data with shuffled cluster identities shows low cluster fidelity across
time. Real data always remain significantly higher than shuffled control. Shaded
bars are SEM. (*P < 0.05, **P < 0.001, ***P < 0.001, Wilcoxon signed-rank test).

(E) Cluster fidelity calculated for k-means analysis using multiple number of clusters.
Note that for all numbers of k-means clusters, cluster fidelity remains significantly
higher than control data with shuffled cluster identities. (***P < 0.001, Wilcoxon
signed-rank test).

(F) Cluster fidelity is calculated for 5 k-means clusters, using temporally deconvolved
calcium signals of habenular activity. (***P < 0.001, Wilcoxon signed-rank test).

(G)Relation between pairwise correlation of habenular neurons and the distance
between each neuron pair is calculated using temporally deconvolved calcium
signals of habenular activity.

(H) Pairwise correlations of habenular neurons during two consecutive time periods,
calculated using temporally deconvolved calcium signals of habenular activity
(black). Control pairwise comparison that are shuffled for pair identities (grey).

(I) Distribution of forebrain neurons with strong correlation (>0.1) to ongoing
habenular activity into anatomically identified forebrain regions. Same as
Figure 2@, but calculated using temporally deconvolved calcium signals. Note that
results look similar for (G), (H), and (I) using calcium signals versus temporally
deconvolved calcium signals.
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Figure S2. Functional and anatomical comparison of forebrain habenula interactions.
Related to Figure 2.



(A) Three-dimensional reconstruction of habenular neurons detected in
Tg(elavi3:GCaMPo6s) zebrafish line, clustered with k-means clustering. Colors
represent neural clusters with similar ongoing activity. L-left; R-right hemisphere.
315 + 35 (mean + SEM) habenular neurons were imaged in each fish (n=11 fish).

(B) Three-dimensional reconstruction of forebrain neurons that are strongly correlated
(Pearson’s correlation >0.1) to average ongoing activity of different habenular
clusters in B. Warm colors represent stronger correlations. 2135 + 345 (mean +
SEM) forebrain neurons were imaged in each fish (n=11 fish). Color-coded traces
represent the average activity of forebrain neurons in each cluster. Grey traces
represent the average activity of corresponding habenular clusters in A. Note that
the ongoing activity of identified forebrain neurons and habenular clusters are
highly similar.

(C) A list of anatomically identified zebrafish forebrain regions and their
abbreviations.

(D) Three-dimensional reconstruction of forebrain neurons identified by using
anatomical landmarks. Top — dorsal view, bottom — coronal view. L-left; R-right
hemisphere. A —anterior, P — posterior, D- dorsal, V-ventral. Colors corresponds
to individual forebrain regions in C.

(E) Three-dimensional reconstruction of forebrain neurons that are clustered by k-
means functional clustering (with n=8 clusters) of their ongoing neural activity.
Each arbitrary color represents functional forebrain cluster.

(F) Neurons of anatomically identified forebrain regions exhibit cluster selectivity
that are significantly higher than chance levels.
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Figure S3. Ongoing activity of ventral and dorsal habenular neurons correlate
preferentially with different forebrain regions. Related to Figure 2.

(A) Three-dimensional reconstruction of functional clusters in habenula corresponding
to ventral (blue) and dorsal (red) zones of habenula in 11 Tg(elavi3:GCaMP6s)
zebrafish.

(B) Anatomical distribution of forebrain neurons with strong correlation (>0.1) to
ongoing activity of ventral (blue) versus dorsal (red) functional clusters of the
habenula. Note that the functional clusters of neurons in ventral zones of the
habenula shows significantly higher fraction of correlated neurons in DI. Also note
that the functional clusters of neurons in dorsal zones of the habenula shows
significantly higher fraction of correlated neurons in Dm, Dp, OB and unclassified
neurons across the forebrain. (*P < 0.05, **P < 0.01, Wilcoxon signed-rank test).

(C) Three-dimensional reconstruction of forebrain neurons in 7g(elavi3:GCaMP6s);
Tg(dao:GAL4VPI16;, UAS-E1b:NTR-mCherry) zebrafish, which genetically labels
vHb neurons (blue), in 8 zebrafish. Individual forebrain neurons with strong
correlation (>0.1) to vHb are highlighted with warm colors. Non-correlated



forebrain neurons are in grey. Average ongoing activity of vHb neurons are plotted
under each brain.

(D) Anatomical distribution of forebrain neurons with strong correlation (>0.1) to the
average ongoing activity of genetically labelled vHb neurons (blue) versus similar
number of randomly selected other habenular neurons (grey). Note that the vHb
shows significantly higher fraction of correlated neurons in DI, and significantly
smaller number of correlated neurons in Dm and OB. (**P < 0.01, Wilcoxon
signed-rank test).

(E) Three-dimensional reconstruction of forebrain neurons in 7g(elavi3:GCaMP6s);
Tg(narp:GAL4VP16; UAS-E1b:NTR-mCherry) zebrafish, which genetically labels
neurons in 68% of habenula, in 8 zebrafish. Individual forebrain neurons with
strong correlation (>0.1) to narp: GAL4V P16 labelled neurons are highlighted with
warm colors. Non-correlated forebrain neurons are in grey. Average ongoing
activity of vHb neurons are plotted under each brain.

(F) Anatomical distribution of forebrain neurons with strong correlation (>0.1) to the
average ongoing activity of narp:GAL4 VP16 labelled neurons (blue) versus similar
number of randomly selected other habenular neurons (grey). Note that the
narp:GAL4VP16 labelled dorsal habenular neurons do not show any significant
preference of correlations in the forebrain, except the OB. (**P < 0.01, Wilcoxon
signed-rank test).
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Figure S4. Three dimensional reconstructions of all micro-electrode stimulations in
zebrafish forebrain. Related to Figures 3 and 4.

(A-I) All three-dimensional forebrain reconstructions in 7g(eval3:GCaMP6-nuclear)
juvenile zebrafish brain explant, upon sequential Dm and DI stimulations. Each panel
represents an individual fish. Neurons responding to only Dm (red), only DI (blue), both
(magenta) stimulations, and non-responsive (grey). Scale bar 100um, L-left; R-right; A-
anterior; P-posterior.

(J-O) All control stimulations upon inserting micro-electrode to regions near Dp/Dmp.
Each panel represents an individual fish. Neurons responding to Dp/Dmp stimulation
(black), non-responsive (grey). Habenulae are delineated by dashed black circles.



(P) Fraction of forebrain neurons in Dm, DI and Dp/Dmp regions activated by (above
2SDs) to the micro-electrode stimulation of these specific brain regions. No significant
differences were observed in the fraction of neurons activated in these brain regions.

(Q) Fraction of habenular neurons responding to Dm, D1 and Dp/Dmp stimulation
(black), when compared to randomly selected periods of ongoing habenula activity
(grey). Habenular ongoing activity periods was selected from 100 random time points.
Note that while Dm and DI activation recruits habenular neurons significantly more than
random periods of ongoing habenular activity different (***P < 0.001, Wilcoxon ranksum
test), this is not the case for control stimulations of Dp/Dmp region.

(R) Frequency of ongoing calcium events detected in vivo versus brain-explant
preparation. Note that no significant difference was observed between these two
preparations (Wilcoxon ranksum test).

(S) Left, representative example of habenular neurons detected in Tg(eval3:GCaMP5)
zebrafish line during forebrain micro-stimulation, clustered with k-means clustering.
Neurons are color-coded based on their cluster identity (C1-5). Right, average activity of
each habenular functional cluster (colors corresponds to panel A) during 6 consecutive,
50ms forebrain micro-stimulations. Clusters are defined by k-means clustering. Forebrain
micro-stimulations are marked in red.

(T) Same example fish in (S), but after the bath application of AMPA+NMDA receptor
blockers, NBXQ(5um) + AP5(25um). Note that in the presence of AMPA+NMDA
receptors blockers, no habenular responses are detected
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Figure S5: Cluster identities of habenular neurons remains stable during forebrain and
odor stimulation. Related to Figure 5.

(A)Representative example of habenular neurons clustered with k-means functional
clustering of their ongoing activity in juvenile zebrafish brain explant. Colors
represent habenular clusters with similar ongoing activity.

(B) Ongoing activity of the habenular neurons corresponding to clusters in A.

(C) Representative example of habenular neurons clustered during forebrain and odor
stimulation using k-means clustering. Colors represent habenular clusters with similar
responses to forebrain micro-stimulation and odor stimulation. Note the similarity of
clusters in A and C.

(D) Forebrain micro-stimulation and odor responses of the habenular neurons
corresponding to clusters in C. Blue line indicates odor stimulation, red — micro-
stimulation.

(E) The ratio of habenular neuron pairs remaining in the same functional clusters (cluster
fidelity) is significantly higher than chance levels, during ongoing activity and
forebrain and odor stimulation. ***p<0.001, Wilcoxon signed rank test.
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Figure S6. Distribution of forebrain neurons into anatomically identified forebrain
regions, based on their odor responses, or their synchrony with odor modulated
habenular neurons. Related to Figure 6.

(A) Anatomical distribution of forebrain neurons that are correlated with habenular
neurons (top 5%) that are inhibited by odors in 10 fish.

(B) Anatomical distribution of forebrain neurons that are correlated with habenular
neurons (top 5%) that are excited by odors in 10 fish. In A and B, attractive odors are
in black, aversive odors are in grey. Lines represent mean = SEM.

(C) Anatomical distribution of forebrain neurons with varying threshold for strong
correlations (between top 5 and 50%) to ongoing activity of habenular neurons that
are inhibited by odors in n=10 fish. Related to Figure 6E.

(D) Anatomical distribution of forebrain neurons with varying threshold for strong
correlations (between top 5 and 50%) to ongoing activity of habenular neurons that
are excited by odors in n=10 fish. Related to Figure 6E.

(E) Anatomical distribution of forebrain neurons that are most (top 5%) inhibited by
odors in 10 fish. Black and gray circles represent attractive and aversive odors,
respectively. Black lines represent mean = SEM.

(F) Anatomical distribution of forebrain neurons that are most (top 5%) excited by odors
in 10 fish. Black and gray circles represent attractive and aversive odors, respectively.
Black lines represent mean + SEM. DI — dorsolateral telencephalon, Dd — dorsal
nucleus of the dorsal telencephalon, Dm — dorsomedial telencephalon, Dp — posterior
zone of the dorsal telencephalon, Vd — dorsal nucleus of the ventral telencephalon,
OB — olfactory bulb, Dmp — posterior nucleus of dorsomedial telencephalon, Dc —
central zone of the dorsal telencephalon.
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