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SUMMARY

The identification of cell types and marker genes is
critical for dissecting neural development and func-
tion, but the size and complexity of the brain has hin-
dered the comprehensive discovery of cell types. We
combined single-cell RNA-seq (scRNA-seq) with
anatomical brain registration to create a comprehen-
sive map of the zebrafish habenula, a conserved
forebrain hub involved in pain processing and
learning. Single-cell transcriptomes of ~13,000 ha-
benular cells with 4x cellular coverage identified 18
neuronal types and dozens of marker genes. Regis-
tration of marker genes onto a reference atlas
created a resource for anatomical and functional
studies and enabled the mapping of active neurons
onto neuronal types following aversive stimuli. Strik-
ingly, despite brain growth and functional matura-
tion, cell types were retained between the larval
and adult habenula. This study provides a gene
expression atlas to dissect habenular development
and function and offers a general framework for
the comprehensive characterization of other brain
regions.

INTRODUCTION

The study of formation and function of neural circuits relies on the
ability to identify specific cell types that are defined by location,
morphology, connectivity, and molecular composition. Classical
histological and gene expression analyses have recently been
extended to single-cell technologies that enable de novo identi-
fication of cell types based on their transcriptomes [1-7]. Such
studies have provided valuable resources for cataloging cell
types but are limited in their comprehensive classification by
the large number and diversity of neurons in vertebrate brains.
This complexity results in low sampling of rare cell types even
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with recent technologies that allow profiling of thousands of indi-
vidual neurons in a single experiment [8, 9]. With the possible
exception of a single class of interneurons in the mouse retina,
we lack comprehensive catalogs of cell types in any region of
the vertebrate brain [10].

One scenario in which sampling limits can be overcome is in
the case of specific and conserved brain regions in animals
with compact size. To test this approach, we analyzed the zebra-
fish habenula, a small forebrain region that is composed of
approximately ~1,500 neurons at the larval stage. The habenula
is a conserved structure that plays fundamental roles in verte-
brate neurophysiology and behavior [11]. It receives input from
a large number of brain regions and can influence a wide range
of behaviors, including sleep, pain processing, reward learning,
and fear [11-13]. Its pathophysiology has been implicated in
neurological disorders such as depression, schizophrenia, and
addiction [14].

Current anatomical and molecular analysis partitions the ze-
brafish habenula into three major sub-regions: the nptx2a-ex-
pressing dorsolateral domain, the gpr151/pou4f1-expressing
dorsomedial domain, and the aoc7-expressing ventral domain
(Figure 1A). Neurons in these domains project to distinct down-
stream regions in the interpedunculur nucleus (IPN) and raphe
nucleus, thus mediating distinct behavioral outputs [11, 15].
These domains are also homologous to distinct domains in the
mouse habenula [16]. For instance, the ventral habenula of ze-
brafish shares gene expression and projection patterns with
the mammalian lateral habenula [17]. Furthermore, domain-
specific genes are often used as genetic handles in functional
studies [18-20].

It has been unclear, however, whether individual neurons in
these sub-nuclei represent a single neuronal type or a mixture
of multiple types. In addition, the zebrafish habenula displays a
remarkable left-right (L-R) asymmetry in gene expression and
functionality [21]. A number of genes such as adcyap1a, nrp1ia,
tac1, tac3a, and sicba7a are left-right asymmetric in the dorsal
habenula [17, 22-25]. Recent studies have also shown left-right
asymmetry in functional responses to light and odor in the
left and right habenula, respectively [26-28]. It is also unclear
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