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The arthropod central complex and vertebrate basal ganglia derive from embryonic basal forebrain
lineages that are specified by an evolutionarily conserved genetic program leading to interconnected
neuropils and nuclei that populate the midline of the forebrain-midbrain boundary region. In the
substructures of both the central complex and basal ganglia, network connectivity and neuronal
activity mediate control mechanisms in which inhibitory (GABAergic) and modulatory (dopaminergic)
circuits facilitate the regulation and release of adaptive behaviors. Both basal ganglia and central
complex dysfunction result in behavioral defects including motor abnormalities, impaired memory
formation, attention deficits, affective disorders, and sleep disturbances. The observed multitude of
similarities suggests deep homology of arthropod central complex and vertebrate basal ganglia
circuitries underlying the selection and maintenance of behavioral actions.

Vertebrate basal ganglia are evolutionarily
conserved interconnected nuclei trace-
able to stem group taxa (1). Their ground

pattern comprises four principal volumes: the stri-
atum, the internal and external domains of the

globus pallidus, the subthalamic nucleus, and the
substantia nigra. Basal ganglia play a key role in
selecting and maintaining adaptive behavior by
conveying sensorimotor, limbic, and associative
information corresponding to action selection
among behavioral modules that are competing
for the control of a limited set of motor programs
(2). Focal lesions and dysfunction of the basal
ganglia are associated with movement disorders,
such as parkinsonism, dystonia, and abulia, as well
as neuropsychiatric disorders (3), essentially affect-
ing goal-directed behavior and habitual control (4).

Similar behavioral manifestations have been
attributed to the arthropod central complex (5, 6),
which in insects and crustaceans comprises three
interconnected midline centers: the protocerebral
bridge, fan-shaped body, and ellipsoid body lead-
ing to the paired lateral accessory lobes (fig. S1).
Central complexes can be traced to related arthro-
pods, including Onychophora, and to Lophotro-
chozoa represented by polychaete annelids (5).
Here, we review multiple lines of evidence sug-
gesting deep homology of the vertebrate basal
ganglia and the arthropod central complex in the
selection and maintenance of adaptive behavior.

Basal Forebrain Origin and
Developmental Genetics
Nuclei of the basal ganglia derive from precursor
cells of the ventral telencephalon, with neural
stem cells from the ganglionic eminences giving
rise to striatum and pallidum to become located at
the segmental border between the prosencepha-
lon and mesencephalon, where they populate the
midline of the basal forebrain (7). In insects, spe-
cific embryonic and larval neural stem cells in the
basal forebrain give rise to components of the cen-
tral complex that populate the midline of the pos-
terior protocerebrum (6). Thus, the vertebrate basal
ganglia and arthropod central complex share com-
parable embryological derivation and topography.

In mice, forebrain patterning, prosencephalic
andmesencephalic boundary formation, and gen-
esis and specification of the ventral telencephalon
(especially the ganglionic eminences) are under
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Table 1. Genetic programs underlying the formation of vertebrate basal ganglia and insect central complex. Abbreviations: FB, fan-shaped body;
EB, ellipsoid body; DA, dopaminergic.

Vertebrate basal ganglia Gene homologs Insect central complex

Patterning of forebrain/midbrain
and ventral telencephalon (9, 62, 63)

Otx2/otd
FGF8/pyramus, thisbe
SHH/hh
BMP/dpp

Patterning of forebrain and
basal protocerebrum (71)

Patterning of ventral telencephalon
and formation of striatum
and pallidum (7, 8)

Six3/Tc-Six3
SHH/hh

Patterning of anterior neuroectoderm
and formation of FB+EB (13)

Formation and specification of striatum
and pallidum (7, 64, 65)

Dlx1,2/Dll
Tlx/tll
Nkx2.1/vnd

Formation and specification of
basal protocerebrum (13, 71)

Specification of striatum and
pallidum (9, 65–67)

Otx2/otd
Pax6/eyeless
Emx2/ems
Gsh1,2/ind
Lhx6,7/–

Specification of protocerebral bridge,
FB, and EB (13, 14, 16)

Specification and maintenance of DA
neurons (substantia nigra) (10, 68)

Otx2/otd
En1,2/en
FGF8/pyramus, thisbe
SHH/hh
LRRK2/lrrk2

Specification and maintenance of
DA neurons (PPM3, PPL1) (15)

Formation of subthalamic nucleus (69, 70) Pitx2/Pitx1 ?

Nigropallidal projections (10),
EtOH-induced reward/addiction (52)

AUTS2/tay-bridge PPL1-FB projections, EtOH-induced
reward/addiction (40, 43, 52, 72)
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the control of signals including fibroblast growth
factor 8 (FGF8), sonic-hedgehog (SHH), andmem-
bers of the bone morphogenetic protein (BMP)
family; FGF8 and SHH play essential roles in the
neurogenesis of dopaminergic cells of the sub-
stantia nigra (7). The Six3 gene interacts and is
required with SHH for early ventral telencepha-
lon formation (8), and Otx2 is required for early
forebrain and midbrain development (9). Later in
development, Otx2 is involved in the genesis of
substantia nigra dopaminergic neurons and the
formation of the dopaminergic nigrostriatal path-
way (10).Dlx1/2,Tlx,Nkx2.1,Pax6,Emx2,Gsh1/2,
and Lhx6/7 play essential roles in the development
and specification of the striatum and pallidum;
Engrailed1/2 (En1/2) genes are required for sub-
stantia nigra formation; and Pitx2 is required for
the formation of the subthalamic nucleus (Table 1).

InDrosophila and the beetle Tribolium, homo-
logs of FGF8, SHH, BMP, Otx2, Dlx1/2, Tlx,
Nkx2.1, Pax6, Emx2, Gsh1/2, En1/2, and Pitx2
have all been identified. The region-specific gene
expression patterns in the developing brain cor-
respond to those in vertebrates (11–13). For ex-
ample, the Drosophila Otx2 homolog otd is
required for embryonic forebrain development
and, later during development, for the formation
of the protocerebral bridge (14) and the specifi-
cation of central dopaminergic neuron clusters
(15). The Tribolium homolog of the vertebrate
Six3 gene is required for formation of the fan-
shaped body and ellipsoid body; knockdown of
Tc-Six3 leads to early patterning defects in the
anterior neuroectoderm and the complete ab-
sence of central body lineages (13). The Dro-
sophila Pax6 homolog eyeless is required for
fan-shaped body and ellipsoid body specifica-
tion (16). Thus, the genesis and specification of
the basal ganglia and central complex share un-
derlying developmental genetic programs that ex-
tend from homologous gene structure to patterned
expression and function (Table 1).

Neural Architectures of Striatum/Fan-Shaped
Body and Pallidum/Ellipsoid Body
The adult striatum and fan-shaped body are dis-
tinguished by their three-dimensional architec-
tures. A cardinal feature of the striatum, best
resolved in mammals, is its differentiation into
modular islets, the striosomes, embedded in the
surrounding neural matrix, and a system of do-
mains adjacent to striosomes, termed matrisomes
(17) (Fig. 1, A to C). Matrisomes relate to body
parts and their representations in sensory corti-
ces (17), whereas striosomes receive relays via
the prefrontal cortex from the amygdala, hippo-
campus, and limbic system (17–19). Combinato-
rial interactions among modules provide substrates
for associations among the representations of body
parts and of their spatial coordinates,with striosomal
afferents relating to stored associations and functions
that are loosely referred to as motivational levels,
reafference, and autonomic functions (20).

In the insect central complex, the fan-shaped
body comprises an arrangement of successive

synaptic layers intersected by a repeated arrange-
ment of modules (Fig. 1, D to F). Each arrange-
ment reflects the clonal organization of uniquely
identifiable columnar, tangential, and fan-shaped
arborizations of efferent, intrinsic, and afferent
neurons (21–24). Sensory representations at the
level of the protocerebral bridge are exemplified
by maps of the e-vector of polarized light, which
are combinatorially intermingled by a system of
chiasmatal projections to modules spanning the
underlying fan-shaped body (25). Haptic infor-
mation, also encoding sensory space and provided
by mechanosensory appendages, is represented
across the protocerebral bridge and fan-shaped
body (26, 27). Insects with evolved blindness
demonstrate the robustness of such modularity
and its independence from a single sensory mo-
dality (28). Stratifications of the fan-shaped body
are further denoted by systems of modulatory
peptidergic neurons (23) and inputs to it from the
protocerebrum carrying information of higher-
order visual primitives and learned discrimination
of visual cues (29–31). Thus, distinctive modules
representing sensory attributes, and modules pro-
vided by afferents from association and modu-
latory centers, can be identified in both phyla
(Fig. 1).

The vertebrate pallidum and the arthropod
ellipsoid body share comparable organizational
features. In vertebrates, the internal and external
globus pallidus (GPi and GPe) are dominated
by GABAergic neurons that connect to the sub-
thalamic nucleus and the thalamus, with recipro-
cal glutamatergic connections from the subthalamic
nucleus back to the GPe. Inhibitory outputs from
the globus pallidus serve to select specific motor
actions by suppressing inhibition of their activat-
ing circuits (2). In insects, inhibitory GABAergic
neurons, which provide dense networks in the
fan-shaped body, ellipsoid body, and two satel-
lite centers (noduli), extend their axons laterally
from the central complex to the flanking lateral
accessory lobe neuropils (30, 32). The identi-
fication of metabotropic glutamate receptors at
discrete branching processes suggests reciprocal
glutamatergic pathways to the ellipsoid and fan-
shaped bodies (33). Fibrous distributions ofmono-
amines and peptides, aswell as their corresponding
metabotropic receptors in neural processes, point
to the presence of complex modulatory circuits
within and between ellipsoid and fan-shaped body
neuropils (34).

Dopaminergic Neuron and Receptor Distribution
In vertebrates, the substantia nigra provides the
primary source of dopaminergic neurons that
ascend to the striatum, leading to a dense inner-
vation via the nigrostriatal pathway (35). All known
G protein–coupled dopamine receptors are ex-
pressed in the striatum, with D1 and D2 receptors
the most abundant. D1 receptors, together with
substance P, are expressed by GABAergic spiny
projection neurons (SPNs) constituting 90% of
the striatal neurons that project to the GPi and
substantia nigra reticulata, thereby defining the

direct pathway (36). Projections to the GPe, de-
fining the indirect pathway, express D2 dopa-
mine receptor together with enkephalin (36).

As evidenced in Drosophila, clusters of
dopamine-containing neurons identified at the level
of single nerve cells have stereotypic anatomical
and location-specific projection patterns. Whereas
several such clusters are associated with themush-
room bodies (37), two clusters termed PPM3 and
PPL1, revealed at the single-cell level, provide
dense dendritic arborizations within the central
complex (37–41). Thus, individual dopaminergic
neurons of the PPM3 cluster target fan-shaped
body, ellipsoid body, and lateral accessory lobes
(37–39), and single neurons of the PPL1 cluster
target the fan-shaped body, with both PPM3
and PPL1 targeting the mushroom bodies as well
(40, 41) (Fig. 2). D1-like dopamine receptor ex-
pression and immunoreactivity have been dem-
onstrated for the fan-shaped body, ellipsoid body,
and lateral accessory lobes (42, 43). Substance
P immunolabeling has been described in the cen-
tral complex of insects (locusts), chelicerates
(Limulus), and decapod crustaceans (Homarus)
(44–46). In the locust, columnar substance P im-
munoreactive fibers project to the protocerebral
bridge, from which they extend to the lower di-
vision of the central body (the locust term for the
ellipsoid body); substance P immunoreactive ter-
minals extend out to the central complex’s lateral
triangle and the lateral accessory lobes (46). How-
ever, comparative analysis reveals limited evi-
dence for enkephalin andD2 receptor expression.
These data suggest the presence of a direct path-
way in the arthropod central complex, with sub-
stance P and D1 receptor expression linking
ellipsoid and fan-shaped bodies (42–46) and
direct GABAergic output to the lateral acces-
sory lobes (30, 32).

Selection and Maintenance of Behavioral Actions
In insects, the central complex is critical in the
selection of motor actions and the control of
multijoint movement (47). Genetic deletion of
parts of the central complex, developmental errors
that disrupt central complex circuitry, or the mis-
expression of neuropeptides can all give rise to
ataxia, tripping, hesitancy, and other parkinsonism-
like defects. In addition, targeted synaptic inac-
tivation of central complex substructures impairs
visual orientation and place memory, diminishes
startle- or ethanol-induced arousal, and results in
attention deficits and sleep disorders (table S1).

The behavioral outcomes of neuronal activity
of the central complex are reminiscent of action
selection and maintenance mediated by the ver-
tebrate basal ganglia, which includes a raft of
functions (table S1). Dysfunction of the basal
ganglia caused by injury, viral or bacterial in-
fection, or age-related degeneration of neuronal
subpopulations, along with other pathological
deficiencies, results in a spectrum of motor sys-
tem disorders ranging from hypokinesia to hyper-
kinesia (including ataxias, parkinsonism, Tourette
syndrome, chorea, and dystonia) as well as neu-
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ropsychiatric disorders (including impaired mem-
ory formation, attention deficits, affective disorders,
and sleep disturbances) (3). Thus, both central
complex substructures and nuclei of the verte-
brate basal ganglia mediate sensorimotor inte-
gration, motivational and affective behavior, and
cognition related to comparable behavioral man-
ifestations (table S1).

Dopaminergic Modulation of Action Selection
and Maintenance
In vertebrates, dopamine innervation of the stri-
atum via the nigrostriatal pathway is critical for

normal function of the striatum and basal gan-
glia. Substantia nigra neurons are autonomous
pacemakers that provide a tonic release of do-
pamine onto GABAergic SPNs in the striatum,
thereby modulating the tonic inhibitory output
of GABAergic SPNs and allowing movements
to occur. Depletion of dopamine or its receptors,
or dysfunction of the nigrostriatal pathway, can
result in a range of pathologies, most of which
refer to dysfunction of inhibitory or activation
control of motor behaviors (36). Progressive loss
of dopaminergic neurons in the substantia nigra
causes loss of the nigrostriatal pathway, which in

turn results in Parkinson’s disease characterized
by a progressive increase in the brain’s inability
to suppress motor actions, leading to rigidity,
bradykinesia, and nonmotor symptoms including
sleep and mood disorders (3). The activity of ni-
grostriatal dopaminergic neurons also modulates
motivated behaviors related to aversion and
reward. Aversive events transiently decrease the
activity of nigrostriatal dopaminergic neurons,
whereas reward transiently increases it, thereby
providing bidirectional signaling to the striatum.
Addiction disorders such as alcohol abuse have
been linked to an imbalance or dysfunction of

Fig. 1. Ground pattern and modular arrangement of the mammalian
striatum and the insect fan-shaped body. (A to C) The mammalian stria-
tum [(A), modified from (73)] consists of two principal subunits. Striosomes [green
in (A)] within the matrix of the striatum [schematized in mauve, purple in (B) and
(C)] are associated with discrete volumes of the striatal matrix, called matrisomes
[brown, yellow in (B) and (C)]. In mammals, striosomes receive inputs from the
hippocampus and amygdala via the frontal cortex, among other brain regions,
carrying information about internal physiological states (modulations, memories)
(17, 20). Matrisomes are supplied by cortical representations of sensory space
and sensorymodalities (17). (C) Interactions and associations amongmatrisomes,
and between matrisomes and striosomes, are mediated by local interneurons
(blue) that integrate and provide information to striatal afferents supplying
direct and indirect GABAergic pathways (red arrows) to the globus pallidus and
subthalamic nucleus [see (3, 36)]. (D to F) The insect fan-shaped body [(D),

from Mantis religiosa, labeled with antisera against allatostatin (green) and
b-tubulin (ochre)] consists of two principal subunits: tangential stratifications
(schematized in mauve, purple) that intersect columnar modules (yellow,
brown), one indicated by bracketed arrows M in (D) and (E) [see (22, 24, 32)].
Columnar modules are supplied by afferents carrying information about sensory
modalities and the organization of sensory space (5, 25, 26). (E) Tangential ele-
ments comprise relays mainly from the protocerebrum. These can carry infor-
mation about higher-order sensory cues, learned sensory associations, and
physiological states [modulations, memories (5, 25–27, 29, 30)]. (F) Cross
section of a stratum of the fan-shaped body, showing routes of interactions
and associations among columnar elements, and between columnar elements
and planar tangentials, that are mediated by local interneurons (blue) at several
levels through the fan-shaped body (5, 21). These are assumed to provide
integrated information to outgoing GABAergic pathways (red arrows).
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this system, especially of the striatal nucleus
accumbens (48). Recent optogenetic and genetic
work confirms the modulation of both the direct
and indirect pathways by dopamine or dopamine
receptor activity; these mediate action selection
and reward- or aversion-driven maintenance of
behavioral actions (36).

Insects show similar dopamine-dependent be-
haviors and deficits. Dopaminergic neurons and
D1 receptor activation in the central complex
play crucial roles in behavioral action selection
and maintenance. Central nervous system (CNS)–
specific depletion of dopamine in Drosophila re-
sults in reduced activity and locomotor deficits,
extended sleep time, and defects in aversive ol-
factorymemory formation, suggesting that arousal
and choice require normal dopamine levels (49).
Age-related degeneration of dopaminergic neu-
ron clusters leads to parkinsonism inDrosophila
characterized by severely impaired motor behav-
ior (50, 51). Specifically, dopaminergic PPM3neu-
rons projecting to the central complex (see above)
regulate locomotor activity and promote ethanol-
induced hyperactivity (6, 43). Expression of the
D1-like receptor DopR in the ellipsoid body is
required for locomotor activity elicited by ethanol
exposure (43) and for the regulation of repetitive
startle-induced arousal (table S1). Optogenetic
and genetic manipulation of PPL1 dopaminergic
neurons that project to both mushroom bodies
and the fan-shaped body reveal that these cells
are essential for motivated behaviors, including
reward- and aversion-driven maintenance of be-
havioral actions that relate to memory retrieval
and reinforcement (table S1).

Thus, in both the central complex and basal
ganglia, comparable systems of dopaminergic
neurons, their projections, and dopaminergic re-
ceptor activities are involved in the modulation
and maintenance of normal behavioral actions
(table S1). Perturbation of dopaminergic pathway
activity or of its modulatory output interferes with
the selection and maintenance of behavioral ac-
tions. This is further exemplified by nigrostriatal
pathway and PPL1/fan-shaped body projections:
Both are involved in the modulation of reward
behavior that is distorted by abusive alcohol
consumption leading to addiction modulated by
tay-bridge in Drosophila and its AUTS2 homo-
log in mammals, including humans (52); in both
cases, parts of the underlying, deregulated neural
circuitry have been identified, including dopamin-
ergic innervation of the ellipsoid body (37–39, 43)
and dopaminergic innervation of the pallidum via
nigropallidal projection neurons (48).

Deep Homology of Neural Circuitry for Action
Selection and Maintenance
The multiplicity of similarities described here iden-
tifies a highly conserved structural and functional
organization of the arthropod central complex
and vertebrate basal ganglia (Fig. 2). Differences,
beyond shape and size, suggest that an indirect
pathway including a subthalamic nucleus-like
structure is either absent or remains to be iden-

tified in the arthropod central brain. In mammals,
bipartite activity of direct and indirect pathways
results in action selection by disinhibition of a
selected motor program and the simultaneous
inhibition of other competing actions (2, 3). Al-
though there is ample evidence for a direct path-
way in the arthropod central complex, it remains
to be shown whether a comparable interplay be-
tween disinhibitory activity and enhanced inhi-
bition mediates action selection and behavioral
output in arthropods. Moreover, the evolved loss of
central complex components, as in Branchiopoda

(5), or loss of a centralized nervous system en-
tirely (11) are likewise phylum-specific departures
from a corresponding ground pattern.

Similarities of brain structure, function, and
behavior have been ascribed to convergent evo-
lution (53). However, microRNA and ribosomal
RNA data (54, 55) support a common origin of
arthropods and vertebrates—a conjecture further
corroborated by recent morphological and molec-
ular evidence suggesting that Cnidaria represent
a true outgroup to Bilateria (56). Monophyly of
Bilateria, together with the presence of a midline
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Fig. 2. Proposed correspondences of neural organization of the mammalian basal ganglia and
insect central complex. Corresponding regions of the basal ganglia (left) and insect central complex
(right) and their associated regions are aligned, as are their relevant connections. Inhibitory pathways are
shown in red, dopaminergic pathways in black, and other pathways (excitatory or modulatory) in blue. The
striatum (ST = caudate nucleus + putamen) corresponds to the fan-shaped body and protocerebral bridge
(FB+PB); the external and internal globus pallidus (GPe, GPi) correspond to the ellipsoid body (EB). There
is no center in the insect corresponding to the vertebrate subthalamic nucleus (STN) as an intermediate
station between the GP and the dopaminergic substantia nigra pars compacta (SNc). Inputs to the striatum
derive from sensory and association cortices (gray), from the hippocampus and amygdala (HI, AM; yellow),
and from the limbic system (not shown) via the frontal cortex (17, 20). In insects, inputs to the FB and PB
derive from sensory intermediate and inferior lateral protocerebra (IMP, ILP) (21, 22, 25–27, 30) and
associative superior medial protocerebrum (SMP), which receives learned visual cues and outputs from the
mushroom bodies (MB) (29, 74), the latter center corresponding to the mammalian hippocampus (5, 59).
The PB, FB, and EB are connected by through-going presumably excitatory columnar neurons, many of
which also extend to the lateral accessory lobes (LAL) (21, 24, 25). GABAergic outputs from the insect EB
supply the LAL and its associated neuropils (30, 32). The LAL is here equated to the vertebrate thalamus
(TH) supplied from the globus pallidus (2). Both the TH and LAL supply motor centers [mammal: motor
cortices (2); insect: inferior and ventrolateral protocerebra (ILP, VLP) (75)]. In insects, dopamine pathways
extending from PPM3 and PPL1 domains to the FB and EB (37–43) correspond to dopamine innervation
of the striatum from the SNc (35, 76). Descending pathways [vertebrate: from motor cortices to spinal
cord; insect: from the ILP, VLP to the ventral cord and ganglia (77)] are shown in green.

12 APRIL 2013 VOL 340 SCIENCE www.sciencemag.org160

REVIEW
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversidade de Sao Paulo on A
pril 26, 2024



neuropil in both annelids and arthropods, sug-
gests that a central complex–like midline structure
already existed in the common bilaterian ancestor
before the split to Protostomia and Deuterostomia,
which likely possessed a complex, tripartite brain
(11, 57). It follows that genealogical correspon-
dence due to common evolutionary origin (58)
is the most parsimonious explanation for the
observed multitude of similarities between basal
ganglia and the central complex, which suggests
that homologous circuits mediate comparable be-
havioral functions across phyla.

There is no a priori reason for rejecting the
notion that the selection of an appropriate motor
program by a brain is a plesiomorphic trait and
that this trait, which is common across phyla, is
provided by homologous circuits. Adaptive be-
haviors, selected by the CNS as responses to one
or another environmental challenge, are universal
phenotypes of organisms equipped with rostral
brains that integrate bilateral sensory input for
coordinated behavioral output. The likelihood
that such a relationship was present in the an-
cestor of protostomes and deuterostomes is sug-
gested by trace fossils from the end-Vendian and
early Cambrian, which show that organisms ac-
complished bouts of elaborate searching strat-
egies (59, 60)—that is, complex actions that were
switched on and off.

The multitude of commonalities reviewed
here suggests deep homology of the arthropod
central complex and vertebrate basal ganglia.
They indicate that the ancestral bilaterian brain
already possessed clusters of midline-associated,
interconnected basal forebrain neuronsmediating
the selection and maintenance of behavioral ac-
tions. Together with recent evidence for a com-
mon origin of higher brain centers involved in
allocentric memory in worms andmice (61), these
data suggest that the ground pattern of circuits
essential for behavioral choice originated very
early and have been maintained across phyla
throughout evolutionary time.
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