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Good heavens! Finally a landslide analysis
of basal ganglia circuitry in teleosts
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Tanimoto et al.” report essential information on teleostean basal ganglia circuitry. This analysis opens gate-
ways into studying neurophysiology, nheuropharmacology, and behavior in zebrafish, guided by this complex
functional neural system common to all vertebrates.

After decades of only limited progress in
the area of teleostean basal ganglia cir-
cuitry research, when compared to the
wealth of information gained in tetrapods,
the paper by Tanimoto and colleagues
(see the related paper in this issue of Cell
Reports)' present a cornucopia of informa-
tion on the zebrafish brain. These data will
facilitate combined neurophysiological,
neuropharmacological, and behavioral,
as well as modeling, studies to test func-
tional aspects of teleostean basal ganglia.
The authors hierarchically ordered
every segment of suspected teleostean
basal ganglia circuitry starting from gluta-
matergic pallial cells via GABAergic stria-
tal and pallidal populations to the (dorsal)
thalamus, and they furthermore describe
a glutamatergic pathway via the thalamus
back to the pallium (Figure 1C). They use
various transgenic lines that characterize
inhibitory striatal cell subpopulations in
the zebrafish central and dorsal nuclei of
the ventral telencephalon (Vc/Vd). For
example, they use a taci-line that ad-
dresses a precursor of substance P (and
neurokinin A) typical for amniote direct-
pathway striatal cells, and a penkb-line
that addresses proenkephalin b, a neuro-
peptide present in amniote indirect-
pathway striatal cells (Figure 1A and 1B).
Similar pathways were described in all
tetrapods, including reptiles and amphib-
ians (mammals: Mink in Squire et al.?;
birds: Reiner®; amphibians: Marin et al.*;
and for more, see Wullimann®).
Respective zebrafish transgenic lines
are used for characterizing and distin-
guishing pallidal cells, such as those
expressing nkx2.1 in the lateral ventral
telencephalic nucleus (VI), specifying the

external pallidum, and internal pallidal
cells expressing either npy (neuropep-
tide y) or crhb (corticotropin releasing
hormone b) in the dorsal entopeduncular
nucleus (dEN). Together with using trans-
genic wheat germ agglutinin (WGA), the
authors visualize particular projections to
characterize adult zebrafish basal ganglia
circuits (Figure 1C). In ambiguous cases,
such as the connection between VI and
dEN, minute applications of the tracer
carbocyanine dye Dil or virus-based
VSV-mCherry neuronal tracing are used
to corroborate connections. Additionally,
single-cell RNA sequencing is used to
sort out the dEN cells that project to the
thalamus (crhb-positive cells) or pallium
(both crhb- and npy-positive cells), and
this approach also shows convincingly
that pallial and ventral entopeduncular nu-
cleus (VEN) cells are glutamatergic,
whereas subpallial (Vc/Vd/VI and dEN)
cells are GABAergic.

The main conclusions from these cir-
cuitry data (Figure 1C) suggest that, in
the teleost telencephalon, Vc and Vd
together represent the striatum, whereas
VI corresponds to the external pallidum
and the dEN is the internal pallidum. The
data are interpreted as direct and indirect
basal ganglia pathway segments in
Figure 1D (comparison with amniotes is
shown in Figure 1A and 1B).

Furthermore, the paper not only claims
an evolutionarily conserved pathway be-
tween teleosts and tetrapods/amniotes,
but also features circuitry specific to tele-
osts. This is often neglected in the search
for evolutionary neural conservation. This
search must remain futile considering
the phylogenetic diversity particularly pre-

sent between ray-finned fishes (including
derived teleosts) and lobe-finned fishes
(containing tetrapods), which split already
in the Devonian. Derived features are, for
example, the expression of npy and crhb
in dEN (the internal pallidum homolog)
and the direct projection of crhb-positive
dEN cells to the pallium. Also critical is
the apparent absence of a subthalamic
nucleus. These aspects need attention
and explanation in functional terms.
Interestingly, this paper contrasts con-
served zebrafish circuitry and features
(such as glutamatergic, GABAergic, and
neuropeptidergic transmission) with evi-
dence showing derived zebrafish basal
ganglia system characters. Most critical
is the absence of an excitatory (indirect
pathway) link from VI (GPe) to dEN (GPi)
that, in amniotes, is provided by the inter-
mittent (glutamatergic) subthalamic nu-
cleus (or ALa in birds; Figure 1B). The
striatal output cells of the direct and indi-
rect pathways carry different dopamine
receptors, D1 and D2, respectively. Due
to the opposite response upon dopamine
input to the striatum of these two dopa-
mine receptors, a change of the sign of
the re-entrant (indirect pathway) thalamic
input to pallium occurs, resulting in strong
pallial (i.e., cortical) activation. In tetra-
pods, this depends on the presence of a
subthalamic nucleus. Theoretically, ze-
brafish excitatory thalamic neurons could
provide this (indirect pathway) link by a
projection to pallidum (dEN), but this
connection is not revealed in the present
study. Other derived teleostean features,
such as pallidal npy and crhb expression
and the direct inhibitory output of these
pallidal cells to the pallium, could also be

Cell Reports 43, March 26, 2024 © 2024 The Author(s). 1
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).



mailto:wullimann@bio.lmu.de
https://doi.org/10.1016/j.celrep.2024.113915
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.113915&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/

¢? CellPress

OPEN ACCESS

A Rat

Suppl/Premotor/Motor Cortex

Subthal

Cell Reports

B Pigeon

Hippocampus

Cerebellum

Cerebellum

Thalamus
" (VIA)

Medulla oblongata P >Ala

Medulla oblongata

- Direct Pathway
Indirect Pathway

——p Dopamine

C Zebrafish (data from Tanimoto et al, this volume)

Basal Ganglia structures:
Ve/Vd central/dorsal nuclei
of ventral telencephalon
(=striatum)

Olfactory
bulb

Subpallium

VI lateral nucleus of ventral telencephalon
(=external pallidum)

dEN dorsal entopeduncular nucleus
(=internal pallidum)

Cerebellum

Dopamine
GABA/tac1

Olfactory
bulb

Glutamate
GABA

Figure 1. Lateral views of simplified basal ganglia circuitry in vertebrates
The focus is on direct and indirect basal ganglia pathways. Figure modified from Wullimann (see there for further discussion and original literature®).
(A) Data for mammals. The ++ indicate activation of cortex by both direct and indirect pathways upon dopamine release on striatum.

(B) Data for birds.

(C) Data on basal ganglia circuitry in teleosts reported by Tanimoto and colleagues (zebrafish).
(D) Same data shown in (C) interpreted in terms of direct and indirect basal ganglia pathways as in (A) and (B).

Mammals (rat): GPe (external globus pallidus), GPi (internal globus pallidus), SNc (substantia nigra compacta), SNr (substantia nigra reticulata). Birds (pigeon):
AlLa (anterior nucleus of ansa lenticularis [represents the subthalamic nucleus]), NCL (caudolateral nidopallium), PA (paleostriatum augmentatum [represents the
lateral striatum]), PP (paleostriatum primitivum [represents the pallidum]), SNc (substantia nigra compacta), SNr (substantia nigra reticulata), VIA (ven-
trointermediate thalamic area).Teleosts (zebrafish): ansc (ansulate commissure), dEN (dorsal entopeduncular nucleus), DS (dorsal sac), Ha (habenula), NMLF
(nucleus of the medial longitudinal fascicle), pc (posterior commissure), po (preoptic region), pr (pretectum), PT (posterior tuberculum), Th ([dorsal] thalamus), TL
(torus longitudinalis), Vc/Vd/VI (central/dorsal/lateral nucleus of the ventral telencephalon).

involved in the different functioning. In any
case, the paper offers now the possibility
to address functional questions on teleos-
tean basal ganglia circuitry more aptly
than ever before.

The previously established dopamine
input to the striatum in teleosts is com-
plementary to the data provided in this
paper. The origin of this critical dopami-
nergic reward signal input to the teleos-
tean striatum (Vd/Vc), within adult zebra-
fish basal ganglia circuitry, is exclusively
located in the posterior tuberculum (ze-
brafish: Rink and Wullimann®), as opp-
osed to land vertebrates, in which both
posterior tuberculum and basal midbrain
give rise to dopaminergic striatal innerva-
tion.® Importantly, this input is both dopa-
minergic and glutamatergic, unlike the
common dopaminergic/GABAergic na-
ture of other dopamine systems.” This
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dopamine input to the striatum is up-
stream of events spreading through basal
ganglia circuits, which Tanimoto and col-
leagues now describe in teleosts, and
starts a motor initiation or decision pro-
cess in all vertebrates.

Developmental information already poi-
nted to the recognition of a medial gangli-
onic eminence homolog and, thus, of a
pallidum in teleosts. Thus, a subdivision
of the larval Vd into striatum and pallidum
exists in the developing zebrafish brain.
Within the periventricular larval Vd (i.e.,
Sd), a genoarchitectonically different ven-
tral division (Sdv) was recognized as pal-
lidum based on lhx 6/7 expression, which
is absent from the more dorsal striatal
subdivision (Sdd; Muller et al.®). In addi-
tion, as expected, both striatal and pal-
lidal divisions of Vd share dix and GABA
expression.7 Furthermore, the larval dEN

Cerebellum

is GABAergic and, thus, likely part of the
laterally migrated pallidum (i.e., corre-
sponding to globus pallidus internus was
stated), as opposed to the excitatory,
non-GABAergic VEN, which is part of the
thalamic eminence and projects to the ha-
benula.® Finally, expression studies on
various dix genes recently identified the
teleostean Vc and VI as migrated parts
of the basal ganglionic Vd (and not of the
septal Vv) formation.’” These data on
the development of subpallial basal
ganglia structures are highly consistent
with and supportive of the present report
on adult zebrafish basal ganglia circuitry
by Tanimoto et al.” Therefore, these two
(i.e., developmental and adult circuitry)
lines of evidence in zebrafish research
converge to form a coherent picture of
basal ganglia functional neuroanatomy in
teleosts.
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