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You are nothing but a pack of neurons!


Francis Crick, 1994



..tempers the heat and seething of the heart.


- Aristotle (384–322 BC.)



René Descarte (1596-1650)

To think that our soul excites the 
movements is like to think that 
there is a soul in a clock which 
causes it to show the hours…


- René Descartes (1596-1650)



René Descarte (1596-1650) William Harvey (1578-1657) Robert Hooke (1635-1703)
Thomas Willis (1621-1675)

Luigi Galvani (1737-1798) Phineas Gage (1823-1860) Charles Darwin (1809-1882) Camillo Golgi (1843-1926)



Santiago Ramón y Cajal (1879-1930)





ARTICLE RESEARCH

of synaptic steps to motor neurons24. A fourth interneuron category, 
which consists of interneurons that interact across all layers, cannot be 
fitted into this layered structure. Chemical and gap junctional connec-
tions are distributed throughout the network (Extended Data Fig. 6).

The 83 sensory neurons that are shared by both sexes may be 
grouped into six categories based on type of stimulus, connectivity and 
the nature of the evoked behavioural response. Output of these catego-
ries is differentially distributed across the network (Fig. 3). Chemical 
connectivity between the three interneuron layers forms a feedforward 
loop: layer 3 substantially targets both layer 2 and layer 1, whereas layer 
2 targets layer 1. As previously noted3,18, the feedforward loop is a prev-
alent motif in the C. elegans connectome (Extended Data Fig. 7).

As the sensory neurons of C. elegans generally respond to multi-
ple stimuli, sensory integration begins within the sensory neurons 
themselves25,26. The amount of convergence and divergence at single 
nodes in a network is specified by a quantity known as the node degree, 
which refers to the number of attached edges (number of neighbours) 
(Extended Data Fig. 3). Considering the graph of connectivity between 
cell classes, median degree values of around 19 illustrate the extensive 
cross-connectivity and thus indicate both convergence and divergence 
throughout the nervous system. Diverging connectivity enables infor-
mation from single sensory neurons to potentially reach from 70% 
to 98% of all the other cells in the network within two synaptic steps.

In addition to outputs to muscle, there is considerable nervous sys-
tem connectivity to non-muscle end organs, including the hypodermis, 
intestine, excretory system and—in the male—the gonad (Extended 
Data Fig. 8 and Supplementary Information 5). These connections sug-
gest an important role for the nervous system in influencing physiology 
beyond the secretion of extrasynaptic signals.

Generation of body movements
Postural movements of C. elegans during foraging and locomotion 
are generated by a set of 95 body-wall muscles that are arranged in 
four longitudinal rows, two of which are sub-dorsal and the other 
two are sub-ventral. Within each of these quadrants, adjacent muscle 
cells are electrically coupled by gap junctions (Fig. 1). One hundred 
fifty-four neurons in 46 classes have neuromuscular junctions with 
these somatic muscles (Extended Data Fig. 9a). Of these neurons, we 
classify 108 neurons in 17 classes—accounting for 91% of input to 
the body-wall muscles—as motor neurons, because a large fraction 
of their output is to muscle, and muscle control appears to be their 
primary function (Extended Data Fig. 9b). Our classification for some 
motor neurons differs from the previous classification1 (Supplementary 
Information 1).

The 108 motor neurons can be subdivided into three groups. Five 
classes of head motor neurons innervate the muscles in the anterior 
body region (URA, RME, RMD, RIV and RMH), seven classes of ven-
tral cord motor neurons innervate the muscles in the remainder of the 
body (VA, DA, VB, DB, VD, DD and AS) and five classes of sublateral 
motor neurons (SAB, SMD, SMB, SIB and SIA) have muscle output 
from axons that extend longitudinally in sublateral tracts adjacent to 
each of the four muscle quadrants (Extended Data Fig. 10a). The sub-
lateral motor neurons have been incompletely described heretofore, 
because their axons run through body regions that have not been fully 
imaged by EM at high magnification. Immunofluorescence stain-
ing of acetylcholine-synthesizing and -releasing machinery reveals 
extensive release of this neurotransmitter along the sublateral tracts, 
at least through the anterior two-thirds of the body27 (Extended Data 
Fig. 10b). Limited spot checks of available micrographs have verified 
that the release sites correspond to dyadic synapses onto hypodermis 
and muscle at swellings that contain presynaptic densities28 (Extended 
Data Fig. 10c, d). Functional studies have shown that SMD encodes the 
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Fig. 2 | The nervous system can be arranged hierarchically. a, A 
previously published algorithm18,23 was used to arrange the neuron and 
end organ classes of the hermaphrodite (Extended Data Fig. 5). b, For 
the male, to facilitate comparison, the sex-shared classes were arranged 
to match the hermaphrodite arrangement and the male-specific nodes 
were added by hand to show their inputs. a, b, The layout shows a largely 
directional information flow (vertical axis) from sensory neurons 
(triangles), through interneurons (hexagons) and motor neurons 
(coloured circles), to muscles (boxes). The horizontal axis is based on 
the amount of connectivity and roughly corresponds anatomically to 
anterior to left, posterior to right (similar to Fig. 1). Sex-specific neuron 
and muscle classes are indicated by a purple surround. Three layers of 
interneurons approximately one, two and three synapses, respectively, 
from motor neurons can be discerned, each consisting of neuron classes 
with a preponderance of their output onto neuron classes of the layer 
below (as shown in c, d). A fourth type of interneuron (five classes, light 
violet) is placed by the algorithm at the top of the diagram, probably 
because these interneurons have considerable output onto sensory 
neurons, but their output otherwise is relatively uniform across the layers 
(as shown in c, d). c, Chemical connectivity across the network (number 
of serial EM sections). Sensory neurons (SN) have outputs across all 
layers. Interneurons (IN) of types 1–3 have a preponderance of outputs 
onto the next lower layer or layers. Type 4 interneurons have considerable 
connectivity to sensory neurons and otherwise uniform outputs across 
the layers. d, Gap junction connectivity across the network. Much of the 
gap junctional connectivity is between neurons of the same layer. The IN4 
class is notable for its paucity of gap junctions. HMN, head motor neurons; 
SMN, sublateral motor neurons. MNVC, ventral cord motor neurons. Cell 
class names are listed in Supplementary Information 6.

4  J U L Y  2 0 1 9  |  V O L  5 7 1  |  N A T U R E  |  6 5

Cook et al., Nature 2019



REVIEW SUMMARY
◥

NEUROSCIENCE

Architectures of neuronal circuits
Liqun Luo

BACKGROUND: Thehumanbrain contains about
100 billion neurons, each of whichmakes thou-
sands of synaptic connections. Although indi-
vidual neurons can themselves be sophisticated
information-processing units, it is their synap-
tic connection patterns that enable neurons to
form specialized circuits for specific functions,
making the brain a powerful computational
device. Decades of research using anatomical
tracing, physiological recording, functional
perturbation, and computationalmodeling in
diverse organisms have detailed the connec-
tion patterns of neurons and their functions
at scales ranging from microcircuits of a few
neurons to global organization of millions of
neurons. Here, I synthesize these findings
from the perspective of circuit architectures
and discuss how these architectures might
emerge during development and evolution.

ADVANCE: Suppose individual neurons are to
the brainwhat letters are to an article.We can
then consider microcircuit motifs as words
and larger-scale architectural plans as sen-
tences. At the level of words andmicrocircuits,
specific patterns of connections between ex-
citatory and inhibitory neurons confer ele-
mentary information-processing functions.
For example, feedforward excitation allows in-
formation to propagate across neural regions,
with convergent and divergent excitation to
integrate signals from multiple upstream

sources and disseminate signals to diverse
downstream targets, respectively. Feedfor-
ward inhibition and feedback inhibition reg-
ulate the duration andmagnitude of incoming
excitatory signals and often work together to
control gain and dynamic range of input sig-
nals as well as facilitate synchronous and
oscillatory firing. Lateral inhibition selects
information to be propagated to downstream
circuits by amplifying differences in activity
between parallel pathways. Mutual inhibition
can produce rhythmic outputs and regulate
brain states. These core circuit motifs are
almost always used in concert to build up
complex signal-processing units.
The next level of organization, the sentences,

is more heterogeneous in scale and configu-
ration. Continuous topographic mapping, in
which neighboring input neurons connect to
neighboring target neurons through orderly
axonal projections, provides away to organize
information at successive stages of process-
ing, minimizes wiring length, and can facili-
tate extraction of local contrast through lateral
inhibition. Discrete parallel processing allows
signals to be represented and processed in
parallel, reducing computational depth and
increasing processing speed. Dimensionality
expansion enables output neurons to represent
different combinations of inputs, facilitating
pattern separation by downstream neurons.
Biased input and segregated output divide

neuromodulatory systems with broad pro-
jections into subsystems, each serving distinct
behavioral functions and being differentially
regulated by different stimuli. Recurrent loops
are abundant in nervous systems and support
rich neural activity dynamics. Architectures of
many neuronal circuits at this level are await-
ing discovery.
Unlike computer circuits, which are pro-

ducts of top-down design, neuronal circuits
are products of hundreds of millions of years
of evolution. Some circuit motifs may have
originated long ago, having since been con-
served across diverse clades and passed on to
more recently evolved neural regions. Other
architectures have evolved independently in
different clades. Duplication and divergence
of neuron types and brain regions play impor-
tant roles in brain evolution andmay result in
the modularity of brain connections.
Neuronal circuits are also products of devel-

opment over an individual’s life span. Molec-
ular cues hardwire the nervous system using
genetic instructions selected by evolution, and
neuronal activity and experience fine-tune
connectivity. Continuous topographic maps
can be constructed by molecular gradients,
whereas discrete parallel processing often
requires combinatorial cell surface protein
codes. These strategies enable a small num-
ber of proteins to specify a much larger num-
ber of connections.

OUTLOOK:Application of circuit-mapping tools
such as serial electron microscopy and trans-
synaptic tracing to diverse neural regions in
different species will generate a wealth of data
fromwhich we can distill common principles
of neuronal circuit architectures. Activity re-
cording and perturbation of key elements in a
circuit can establish their functions in informa-
tion processing and animal behavior. A key
challenge is to investigate howdifferentmotifs
and architectures operate across scales. A delib-
erate effort to investigate how letters andwords
are assembled into sentences in key circuit
architectures across species could yield valu-
able insights. Integrating studies of the struc-
ture, function, development, and evolution
of neuronal circuits will enable a deeper un-
derstanding of nervous system organization
beyond the level of individual neurons. Explo-
ration of neuronal circuit architectures will
also continue to inspire important advances
in artificial intelligence.▪

RESEARCH
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From neurons to a brain
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The Complexity of Neural Circuits

86 billion neurons ● 100 trillion synapses ● one neuron 
can connect with up to 10,000 other neurons
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• 20,000 neurons 
• Eric Kandel’s favorite 
• Neurobiology of memory

• 250,000 neurons 
• Complex behavior 
• Genetic tools available 
• Brain connectome solved (almost)

• 100,000 neurons 
• Central pattern generator

• Giant axon (1mm in diameter) 
• Hodgkin and Huxley used to 

derive equations to describe 
action potential 

302 neurons • 
Transparent • 

Wiring diagram solved •

• 71,000,000 neurons 
• Complex behavior 
• Genetic tools available 
• A human-like brain

• 1,000,000 neurons 
• Complex behavior 
• Genetic tools available 
• Larva is transparent 
• Vertebrate



https://sites.bu.edu/bryantlab/brains/
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Fig. 2. Similarities between the insect mushroom body and vertebrate cerebellum circuits. Color code indicates analogous elements of each brain structure. Projection neuron/
mossy fiber inputs to Kenyon cells/granule cells converge with GABAergic feedback/feedforward neurons (lateral horn interneurons/Golgi cells) within microglomeruli (pink
circles). Lobe efferent/Purkinje cells receive inputs from Kenyon cells/granule cells as well as from lobe afferents (synaptic relationships unclear and indicated with a “?”) or climbing
fibers. Lobe efferents/Purkinje cells provide outputs to the protocerebrum (PC) or deep cerebellar nuclei (DCN). IO- inferior olive, LH- lateral horn.

Fig. 2. Similarities between the insect mushroom body and vertebrate cerebellum circuits. Color code indicates analogous elements of each brain structure. Projection neuron/
mossy fiber inputs to Kenyon cells/granule cells converge with GABAergic feedback/feedforward neurons (lateral horn interneurons/Golgi cells) within microglomeruli (pink
circles). Lobe efferent/Purkinje cells receive inputs from Kenyon cells/granule cells as well as from lobe afferents (synaptic relationships unclear and indicated with a “?”) or climbing
fibers. Lobe efferents/Purkinje cells provide outputs to the protocerebrum (PC) or deep cerebellar nuclei (DCN). IO- inferior olive, LH- lateral horn.

Fly mushroom body and mammalian 
cerebellum share similar circuit structure

Farris, 2011
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Clinical Picture

Brain of a white-collar worker
Lionel Feuillet, Henry Dufour, Jean Pelletier

A 44-year-old man presented with a 2-week history of 
mild left leg weakness. At the age of 6 months, he had 
undergone a ventriculoatrial shunt, because of postnatal 
hydrocephalus of unknown cause. When he was 14 years 
old, he developed ataxia and paresis of the left leg, which 
resolved entirely after shunt revision. His neurological 
development and medical history were otherwise normal. 
He was a married father of two children, and worked as a 
civil servant. On neuro psychological testing, he proved to 
have an intelligence quotient (IQ) of 75: his verbal IQ 
was 84, and his performance IQ 70. CT showed severe 
dilatation of the lateral ventricles (fi gure); MRI revealed 
massive enlarge ment of the lateral, third, and fourth 
ventricles, a very thin cortical mantle and a posterior 
fossa cyst. We diagnosed a non-communicating hydro-
cephalus, with probable stenosis of Magendie’s foramen 
(fi gure). The leg weakness improved partly after neuro-
endoscopic ventriculocisternostomy, but soon recurred; 
however, after a ventriculoperitoneal shunt was inserted, 
the fi ndings on neurological examination became normal 
within a few weeks. The fi ndings on neuropsychological 
testing and CT did not change.

Lancet 2007; 370: 262
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Figure: Massive ventricular enlargement, in a patient with normal social 
functioning 
(A) CT; (B, C) T1- weighted MRI, with gadolinium contrast; (D) T2-weighted MRI. 
LV=lateral ventricle. III=third ventricle. IV=fourth ventricle. Arrow=Magendie’s 
foramen. The posterior fossa cyst is outlined in (D).



Advantages of studying small brains

1. Reduced system = efficient in discovering general principles

2. High cellular resolution

3. Less redundancy

4. More stereotyped

6. Clear interface between circuit motifs and complex 
systems (words to sentence; emergent properties)

5. Visualize the complete system in a single field of view



Small but complex. It is like 
the atom of behavior



What tools do we have?

Behavioral tracking

Genetics

Circuit tracing

Neuron recording

Neuron manipulation



Threat behavior of the male fly

Duistermars et al., Neuron 2018



(legend on next page)
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Duistermars et al., Neuron 2018



What tools do we have?

Behavioral tracking

Genetics

Circuit tracing

Neuron recording

Neuron manipulation



The GAL4/UAS system

© 2002 Macmillan Magazines Ltd
180 |  MARCH 2002 | VOLUME 3 www.nature.com/reviews/genetics

R E V I EW S

(FIG. 1b). First, the progeny of mutagenized flies can be
screened directly (an F1 screen), because the mutations
do not need to be made homozygous, which means
that an order of magnitude more flies can be screened
than in an F3 screen. Second, lethal mutations in essen-
tial genes that function at many stages of development
can be isolated, because the sensitized background only
affects the eye, which is not required for viability. Third,
the whole genome can be screened at once, because
there is no need to use balancers to make particular
chromosomes homozygous. At the time this screen was
carried out, biochemical experiments had identified
several RTK substrates, but the pathway through
which they signal to the nucleus was still unclear. The
mutants from the screen led to the demonstration that
Sev, and other Drosophila RTKs, such as the Epidermal
growth factor receptor (Egfr) and Torso (Tor), signal
through Son of Sevenless (Sos), Downstream of recep-
tor kinase (Drk; an SH3/SH2 adaptor protein) and
Corkscrew (Csw; a protein tyrosine phosphatase), to
activate Ras31–34. Two other types of screen for modi-
fiers of sev identified partially overlapping sets of
genes, and illustrate the different ways that this type of
screen can be designed. Rogge et al.35 used a stronger
sev hypomorphic mutation and screened for domi-
nant suppressors that increase the number of R7 cells.
This led to the identification of the opposite types of
mutant to the enhancer screen, such as a gain-of-func-
tion mutant in Sos. By contrast, a screen for dominant
suppressors of a constitutively active form of the Sev
receptor identified a loss-of-function allele of drk36.

Although these screens were remarkably effective,
they did not find the genes that function downstream of
ras, presumably because these act too far downstream 
of sev for a reduction in their levels to have a significant
effect in the sensitized backgrounds. Because ras is an
essential gene that is required throughout development,
none of the alleles gave a viable phenotype that was suit-
able for modifier screens; however, this problem could
be circumvented by making a transgenic construct in
which the sev enhancer drives the expression of an 

involved in any early developmental process, but it can
also be used to look for dominant effects in deficiency
heterozygotes, which is a quick means of assessing the
number of potential target genes in an enhancer or
suppressor screen (see below)29. To facilitate deficiency
screens, the Bloomington stock center has assembled a
collection of deficiencies that provide maximal cover-
age of the genome in the minimum number of stocks,
which is often referred to as the ‘deficiency kit’ .

Enhancer and suppressor screens
One way to find the missing components of a develop-
mental pathway that cannot be found in traditional
screens is to carry out a screen for dominant enhancers
or suppressors. Loss-of-function mutations in almost
all genes are recessive, which indicates that 50% of the
wild-type level of a protein is sufficient for normal
development. When a particular process is already par-
tially disrupted by another mutation, however, this
amount might no longer suffice, and mutations in the
genes that are involved in the pathway can therefore be
identified as dominant enhancers or suppressors in this
sensitized genetic background. Some of the most suc-
cessful screens of this type were carried out to find the
components in the signal-transduction pathway down-
stream of Sevenless (Sev), which is a receptor tyrosine
kinase (RTK) that controls cell-fate choice between one
of the eight photoreceptors in the eye, the R7 cell, and
non-neuronal cone cells30. A weak allele of sev provides
just enough signalling activity for most of the R7 cells to
form, but these cells are transformed to cone cells if
there is any further reduction in the efficiency of signal
transduction. Under these conditions, halving the dose
of some of the downstream components in the pathway
causes most of the R7 cells to become cone cells, with-
out affecting signalling through the other RTKs in the
fly. This sensitized genetic background therefore
allowed Simon et al.30 to identify mutants in compo-
nents of the RTK signalling pathway as dominant
enhancers of a visible eye phenotype. This approach has
several important advantages over traditional screens

Box 2 | The GAL4–UAS system for directed gene expression

The yeast transcriptional activator Gal4 can be used to
regulate gene expression in Drosophila by inserting the
upstream activating sequence (UAS) to which it binds
next to a gene of interest (gene X)96. The GAL4 gene
has been inserted at random positions in the
Drosophila genome to generate ‘enhancer-trap’ lines
that express GAL4 under the control of nearby
genomic enhancers, and there is now a large collection
of lines that express GAL4 in a huge variety of cell-type
and tissue-specific patterns97. Therefore, the
expression of gene X can be driven in any of these
patterns by crossing the appropriate GAL4 enhancer-
trap line to flies that carry the UAS–gene X transgene.
This system has been adapted to carry out genetic
screens for genes that give phenotypes when
misexpressed in a particular tissue (modular
misexpression screens)79.

×

Enhancer-trap GAL4

Genomic 
enhancer

UAS–gene X

GAL4

Tissue-specific expression 
of GAL4

Transcriptional activation 
of gene X

GAL4

UAS
gene X
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Genetic toolkits for manipulating specific 
neurons in the fly brain





What tools do we have?

Behavioral tracking

Genetics

Circuit tracing

Neuron recording

Neuron manipulation



Whole brain 
connectome





What tools do we have?

Behavioral tracking

Genetics

Circuit tracing

Neuron recording

Neuron manipulation



GCaMP

Genetically-encoded calcium indicator





B

C

E

A

F

H I J

D

G

Figure 1. P1 Neuron Chemosensory Tuning Correlates with Mate Preference
(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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Figure 1. P1 Neuron Chemosensory Tuning Correlates with Mate Preference
(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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Figure 1. P1 Neuron Chemosensory Tuning Correlates with Mate Preference
(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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Figure 1. P1 Neuron Chemosensory Tuning Correlates with Mate Preference
(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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Figure 1. P1 Neuron Chemosensory Tuning Correlates with Mate Preference
(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12

flies for other stimuli. See also Figures S1C–S1F. Error bars represent SEM.
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(A and B) Male courtship behavior toward virgin, conspecific females plotted as the male’s distance to female (red) and his unilateral wing extension (gray) for ten

individual pairs (A) and population average, smoothed by 10 s sliding window (B). The top three individuals have courtship latencies of less than 2min; the last pair

mates within 2 min of courtship onset.

(C) Courtship behaviors plotted as in (B) towardmovingmagnet inmales expressing ReaChR in P1 neurons usingP1-Gal4 (solid lines) or no-Gal4 controls (dashed

lines), n = 7 each genotype. See Figure S1A. Light stimulation indicated by green shading.

(D) P1 neuron anatomy revealed by photoactivation of PA-GFP expressed under FruGal4; box indicates P1 processes in the lateral protocerebral complex imaged

in subsequent figures. Scale bar here and throughout 10 mm. All animals imaged in this study are male. Autofluorescence from the glial sheath and basal

fluorescence from non-photoactivated structures have been masked.

(E) Schematic of preparation used for in vivo functional imaging. See also Figure S1B and Supplemental Experimental Procedures.

(F and G) Representative P1 neuron GCaMP responses recorded in the same male as he contacts the abdomens of female (F) or male (G) stimulus flies. Top row

shows still images from the video used to guide stimulus presentation (illuminated by infrared light, male’s eye pseudocolored red) and heat map of fluorescence

increase in P1 neurons for a single tapping bout. Bottom row shows normalized fluorescence traces for six bouts of tapping, indicated by tick marks (left), and

zoomed in view of a single bout (right). Here and throughout, stimulating females are sexually naive unless otherwise indicated.

(H and I) Summary of P1 neuron responses to male and female stimuli across repeated stimulus bouts in 17 subject animals. Individual stimulus bouts (H) and

paired intra-animal averages (I) are shown. Significance, unpaired (H) or paired (I) t test. Here and throughout, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Red

lines in (H) indicate median and quartiles and in (I), means.

(J) Mean P1 neuron responses to indicated fly stimuli measured by in vivo imaging as in (F) and (G). One-way ANOVA with Tukey’s correction for multiple

comparisons. Here and throughout, different statistical letter groups indicate p < 0.05. n = 40–46 flies forD. melanogastermale and virgin female stimuli, n = 9–12
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time, the probability of a male transitioning from disengagement to 
active pursuit decreased, indicating that his arousal slowly waned 
(Extended Data Figs. 3j, k, 4o).

Persistent courtship of the virtual target could also be triggered by 
allowing males to sample the pheromones on a conspecific female, 
replicating his assessment of a prospective mate6,10–12 (Extended Data 
Fig. 4c–f). However, although pheromone pathways converge onto P1 
neurons10,11, these chemical cues are not essential to arouse a male17,18. 
Indeed, by modifying the stimulus to more closely mimic the natural 
statistics of female motion (Extended Data Fig. 4j–l, Supplementary 
Video 4) and socially isolating males to enhance their mating drive8,14,17,19, 
we found that males would spontaneously initiate courtship even in the 
absence of exogeneous activation of P1 neurons (Fig. 1g, h, Extended 
Data Fig. 4m–o, Supplementary Video 5). Visual cues are therefore 
sufficient to release a persistent state of arousal in Drosophila males.

P1 activity reflects pursuit intensity
To examine the dynamics of P1 neurons during spontaneous courtship, 
we performed functional calcium imaging of their axonal terminals 
using a selective genetic driver line15 (Fig. 1i). P1 neurons were robustly 
activated as males initiated courtship, even when they began track-
ing many seconds after presentation of the visual stimulus (Fig. 1j, k, 
Extended Data Fig. 5d). Following courtship onset, P1 activity contin-
ued to fluctuate throughout the duration of a courtship bout, provid-
ing an ongoing representation of the intensity of a male’s pursuit and 
giving rise to a tight correlation with a male’s tracking index over the 
course of a trial (Fig. 1j–l, r = 0.69 ± 0.075 (mean ± s.d.), Extended Data 
Figs. 5b, 6f, j). P1 activity was disproportionally higher at the initiation 
of courtship (Extended Data Fig. 5c–g), indicating that these neurons 
may signal additional aspects of a male’s internal state or behaviour 
that we are not measuring.

P1 activity was poorly correlated with the visual stimulus 
(r = −0.10 ± 0.008), but displayed a weak relationship to a male’s linear 
(r = 0.23 ± 0.099) and angular speed (r = 0.28 ± 0.062; Fig. 1n, o, Extended 
Data Figs. 5a, 6f–j)—probably because males must run and turn to track 
the target. Indeed, P1 fluorescence remained low in sexually unaroused 
males turning vigorously in response to wide field motion, confirming 
that P1 activity more closely aligns with a male’s courtship state than 
the kinematics of his pursuit (Extended Data Fig. 6a–e, k–o). Moreover, 
although the activity of P1 neurons was time-locked to the initiation of 
courtship, their calcium signals decayed back to baseline when males 
transiently ceased courting, indicating that a male’s enduring arousal 
is stored either subcellularly or in the activity patterns of downstream 
neurons (Fig. 1j, k, m). Therefore, while P1 neurons gate entry into a 
lasting arousal state10,13–15, their ongoing activity corresponds to the 
moment-to-moment changes in the intensity of a male’s courtship 
pursuit.

LC10a gain is modulated during courtship
LC10a visual projection neurons have been identified as motion detec-
tors that convey retinotopically organized visual signals to the anterior 
optic tubercle (AOTu)20–22, and are essential for accurate tracking of 
conspecifics during courtship20. Consistent with this role, unilateral 
optogenetic silencing of LC10a neurons strongly attenuated turn-
ing towards the ipsilateral visual target during tethered courtship 
(Extended Data Fig. 7a–c). Monitoring of GCaMP activity in the LC10a 
axon terminals in the AOTu of unaroused males revealed only weak 
responses to the fictive ‘female’. At the initiation of courtship pursuit, 
however, LC10a axon terminals became robustly activated each time the 
visual target swept across the male’s ipsilateral hemifield (Fig. 2a, b, d,  
Extended Data Fig. 7d–h). The shape of LC10a responses remained 
unchanged, pointing to alterations in their gain rather than changes to 
their tuning (Fig. 2e). Notably, during periods when males transiently 
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time, the probability of a male transitioning from disengagement to 
active pursuit decreased, indicating that his arousal slowly waned 
(Extended Data Figs. 3j, k, 4o).

Persistent courtship of the virtual target could also be triggered by 
allowing males to sample the pheromones on a conspecific female, 
replicating his assessment of a prospective mate6,10–12 (Extended Data 
Fig. 4c–f). However, although pheromone pathways converge onto P1 
neurons10,11, these chemical cues are not essential to arouse a male17,18. 
Indeed, by modifying the stimulus to more closely mimic the natural 
statistics of female motion (Extended Data Fig. 4j–l, Supplementary 
Video 4) and socially isolating males to enhance their mating drive8,14,17,19, 
we found that males would spontaneously initiate courtship even in the 
absence of exogeneous activation of P1 neurons (Fig. 1g, h, Extended 
Data Fig. 4m–o, Supplementary Video 5). Visual cues are therefore 
sufficient to release a persistent state of arousal in Drosophila males.

P1 activity reflects pursuit intensity
To examine the dynamics of P1 neurons during spontaneous courtship, 
we performed functional calcium imaging of their axonal terminals 
using a selective genetic driver line15 (Fig. 1i). P1 neurons were robustly 
activated as males initiated courtship, even when they began track-
ing many seconds after presentation of the visual stimulus (Fig. 1j, k, 
Extended Data Fig. 5d). Following courtship onset, P1 activity contin-
ued to fluctuate throughout the duration of a courtship bout, provid-
ing an ongoing representation of the intensity of a male’s pursuit and 
giving rise to a tight correlation with a male’s tracking index over the 
course of a trial (Fig. 1j–l, r = 0.69 ± 0.075 (mean ± s.d.), Extended Data 
Figs. 5b, 6f, j). P1 activity was disproportionally higher at the initiation 
of courtship (Extended Data Fig. 5c–g), indicating that these neurons 
may signal additional aspects of a male’s internal state or behaviour 
that we are not measuring.

P1 activity was poorly correlated with the visual stimulus 
(r = −0.10 ± 0.008), but displayed a weak relationship to a male’s linear 
(r = 0.23 ± 0.099) and angular speed (r = 0.28 ± 0.062; Fig. 1n, o, Extended 
Data Figs. 5a, 6f–j)—probably because males must run and turn to track 
the target. Indeed, P1 fluorescence remained low in sexually unaroused 
males turning vigorously in response to wide field motion, confirming 
that P1 activity more closely aligns with a male’s courtship state than 
the kinematics of his pursuit (Extended Data Fig. 6a–e, k–o). Moreover, 
although the activity of P1 neurons was time-locked to the initiation of 
courtship, their calcium signals decayed back to baseline when males 
transiently ceased courting, indicating that a male’s enduring arousal 
is stored either subcellularly or in the activity patterns of downstream 
neurons (Fig. 1j, k, m). Therefore, while P1 neurons gate entry into a 
lasting arousal state10,13–15, their ongoing activity corresponds to the 
moment-to-moment changes in the intensity of a male’s courtship 
pursuit.

LC10a gain is modulated during courtship
LC10a visual projection neurons have been identified as motion detec-
tors that convey retinotopically organized visual signals to the anterior 
optic tubercle (AOTu)20–22, and are essential for accurate tracking of 
conspecifics during courtship20. Consistent with this role, unilateral 
optogenetic silencing of LC10a neurons strongly attenuated turn-
ing towards the ipsilateral visual target during tethered courtship 
(Extended Data Fig. 7a–c). Monitoring of GCaMP activity in the LC10a 
axon terminals in the AOTu of unaroused males revealed only weak 
responses to the fictive ‘female’. At the initiation of courtship pursuit, 
however, LC10a axon terminals became robustly activated each time the 
visual target swept across the male’s ipsilateral hemifield (Fig. 2a, b, d,  
Extended Data Fig. 7d–h). The shape of LC10a responses remained 
unchanged, pointing to alterations in their gain rather than changes to 
their tuning (Fig. 2e). Notably, during periods when males transiently 
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Fig. 1 | P1 neurons release and reflect a dynamic state of sexual arousal.  
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target relative to males expressing CsChrimson in P1 neurons or wild-type 
males during tethered closed-loop courtship. d, Example of a courting male 
displaying turning (middle) and wing extensions (bottom) to the visual target 
in open-loop. e, Example of a male’s turning throughout a courtship trial. Each 
row consists of three stimulus cycles, with the target angle shown at the top. 
Red line indicates 3-s P1 activation; black bar indicates when the visual stimulus 
is oscillating. f, Tracking index (TI; see Methods) for ten flies following 
optogenetic activation of P1 neurons. Top trace is the same animal as in e.  
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Details of statistical analyses and sample sizes are given in Supplementary 
Table 1.
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time, the probability of a male transitioning from disengagement to 
active pursuit decreased, indicating that his arousal slowly waned 
(Extended Data Figs. 3j, k, 4o).

Persistent courtship of the virtual target could also be triggered by 
allowing males to sample the pheromones on a conspecific female, 
replicating his assessment of a prospective mate6,10–12 (Extended Data 
Fig. 4c–f). However, although pheromone pathways converge onto P1 
neurons10,11, these chemical cues are not essential to arouse a male17,18. 
Indeed, by modifying the stimulus to more closely mimic the natural 
statistics of female motion (Extended Data Fig. 4j–l, Supplementary 
Video 4) and socially isolating males to enhance their mating drive8,14,17,19, 
we found that males would spontaneously initiate courtship even in the 
absence of exogeneous activation of P1 neurons (Fig. 1g, h, Extended 
Data Fig. 4m–o, Supplementary Video 5). Visual cues are therefore 
sufficient to release a persistent state of arousal in Drosophila males.

P1 activity reflects pursuit intensity
To examine the dynamics of P1 neurons during spontaneous courtship, 
we performed functional calcium imaging of their axonal terminals 
using a selective genetic driver line15 (Fig. 1i). P1 neurons were robustly 
activated as males initiated courtship, even when they began track-
ing many seconds after presentation of the visual stimulus (Fig. 1j, k, 
Extended Data Fig. 5d). Following courtship onset, P1 activity contin-
ued to fluctuate throughout the duration of a courtship bout, provid-
ing an ongoing representation of the intensity of a male’s pursuit and 
giving rise to a tight correlation with a male’s tracking index over the 
course of a trial (Fig. 1j–l, r = 0.69 ± 0.075 (mean ± s.d.), Extended Data 
Figs. 5b, 6f, j). P1 activity was disproportionally higher at the initiation 
of courtship (Extended Data Fig. 5c–g), indicating that these neurons 
may signal additional aspects of a male’s internal state or behaviour 
that we are not measuring.

P1 activity was poorly correlated with the visual stimulus 
(r = −0.10 ± 0.008), but displayed a weak relationship to a male’s linear 
(r = 0.23 ± 0.099) and angular speed (r = 0.28 ± 0.062; Fig. 1n, o, Extended 
Data Figs. 5a, 6f–j)—probably because males must run and turn to track 
the target. Indeed, P1 fluorescence remained low in sexually unaroused 
males turning vigorously in response to wide field motion, confirming 
that P1 activity more closely aligns with a male’s courtship state than 
the kinematics of his pursuit (Extended Data Fig. 6a–e, k–o). Moreover, 
although the activity of P1 neurons was time-locked to the initiation of 
courtship, their calcium signals decayed back to baseline when males 
transiently ceased courting, indicating that a male’s enduring arousal 
is stored either subcellularly or in the activity patterns of downstream 
neurons (Fig. 1j, k, m). Therefore, while P1 neurons gate entry into a 
lasting arousal state10,13–15, their ongoing activity corresponds to the 
moment-to-moment changes in the intensity of a male’s courtship 
pursuit.

LC10a gain is modulated during courtship
LC10a visual projection neurons have been identified as motion detec-
tors that convey retinotopically organized visual signals to the anterior 
optic tubercle (AOTu)20–22, and are essential for accurate tracking of 
conspecifics during courtship20. Consistent with this role, unilateral 
optogenetic silencing of LC10a neurons strongly attenuated turn-
ing towards the ipsilateral visual target during tethered courtship 
(Extended Data Fig. 7a–c). Monitoring of GCaMP activity in the LC10a 
axon terminals in the AOTu of unaroused males revealed only weak 
responses to the fictive ‘female’. At the initiation of courtship pursuit, 
however, LC10a axon terminals became robustly activated each time the 
visual target swept across the male’s ipsilateral hemifield (Fig. 2a, b, d,  
Extended Data Fig. 7d–h). The shape of LC10a responses remained 
unchanged, pointing to alterations in their gain rather than changes to 
their tuning (Fig. 2e). Notably, during periods when males transiently 
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a, Schematic of behavioural setup. b, Two-dimensional path of a male courting 
a pseudo-randomly moving target in closed-loop. c, Angular position of the 
target relative to males expressing CsChrimson in P1 neurons or wild-type 
males during tethered closed-loop courtship. d, Example of a courting male 
displaying turning (middle) and wing extensions (bottom) to the visual target 
in open-loop. e, Example of a male’s turning throughout a courtship trial. Each 
row consists of three stimulus cycles, with the target angle shown at the top. 
Red line indicates 3-s P1 activation; black bar indicates when the visual stimulus 
is oscillating. f, Tracking index (TI; see Methods) for ten flies following 
optogenetic activation of P1 neurons. Top trace is the same animal as in e.  
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Details of statistical analyses and sample sizes are given in Supplementary 
Table 1.
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of PER by illuminated GtACR1—the opposite effect from that 
of CsChrimson—verified that the channel effectively inhibited 
the Gr64f cells. Actuation of GtACRs in bursicon cells in the 
nerve cord (Supplementary Fig. 6) and in mushroom-body cells 
(Supplementary Fig. 7) verified that these channels inhibit cells 
in the central nervous system, which is less accessible to light than 
more peripherally located neurons.

We examined behavioral responses to optogenetic activa-
tion and inhibition of the bitter-sensing Gustatory receptor 66a 
(Gr66a) neurons as well as the sweet-sensing Gustatory receptor 
64f (Gr64f) neurons (Fig. 2a,b). We tested flies in linear chambers 
illuminated with two bands of either red or green light (Fig. 2c,d). 
Red-light actuation of CsChrimson in the bitter-sensing neu-
rons was aversive (Fig. 2e), in agreement with previous results15  
However, Gr66a>GtACR1 flies were indifferent to green light over 
a range of intensities known to have effects in other behaviors 
(Fig. 2f), thus suggesting that the bitter-sensing system is quiet 
in the absence of a stimulus. Sated flies bearing CsChrimson in 

GtACR inhibition by comparison with paralysis induced by the 
channelrhodopsin variant CsChrimson, an effect that was dis-
tinct (Supplementary Fig. 2 and Supplementary Video 3), and 
by electrophysiological recordings from a nerve, which showed 
that GtACR1 actuation inhibited action potentials (Fig. 1l and 
Supplementary Figs. 3 and 4).

Drosophila extend their proboscises toward sweet liquids in 
a response called the proboscis-extension reflex (PER), which 
depends on neuronal expression of Gustatory receptor 64f 
(Gr64f)13. Optogenetic activation with CsChrimson is suffi-
cient to elicit PER in the absence of sugar14. Under green light, 
flies expressing UAS-GtACR1 in Gr64f-Gal4 neurons exhibited 
decreased PER when they were presented with a sucrose solu-
tion (Supplementary Fig. 5a,b). Flies expressing eNpHR in 
Gr64f cells showed decreased PER relative to controls under 
strong amber light (Supplementary Fig. 5a,b). Expression of 
Kir2.1 in Gr64f cells decreased PER by $PER = −0.96 (95CI 
0.92, −1.0) (Supplementary Fig. 5a,b). The potent suppression 
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Figure 1 | G. theta anion channelrhodopsins are inhibitors of motor function and neuronal spiking. (a) Climbing assay with flies expressing GtACR1  
in cholinergic neurons (Cha-Gal4>UAS-GtACR1). Yellow shading indicates the time when flies were illuminated. Light intensities (in MW/mm2) are  
indicated. The proportion of climbing flies is shown as a percentage of flies outside the floor area of the chamber. Each solid trace is the mean of values 
from 3 experiments (48 flies each). Line color corresponds to the color of illumination from a projector. Error ribbons are 95% confidence intervals.  
(b) Climbing assay as in a, with flies expressing GtACR2 (Cha>GtACR2). (c) Time to complete immobilization after onset of green light (peak 525 nm)  
for Cha-Gal4>UAS-GtACR1 flies. The horizontal axis indicates the four light intensities tested. Bars indicate means; horizontal lines indicate medians; 
dots indicate time measured from a single fly. The numerals above the bars indicate the medians of the fastest and slowest responses. Horizontal lines 
indicate medians; dots indicate time measured from a single fly. Error bars, 95% confidence intervals (n = 4 flies). (d,e) Times between cessation 
of illumination and the first sign of recovery (d) and times to full mobility (e), over four light intensities. (f) Representative recordings from larval 
segmental nerves. Pulses of green light (500 ms, 24 MW/mm2, green lines and shading) were delivered to nerves expressing GtACR1 (nSyb>GtACR1,  
pan-neuronal expression) or to control larvae (UAS-GtACR1/+).
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Architectures of neuronal circuits
Liqun Luo

BACKGROUND: Thehumanbrain contains about
100 billion neurons, each of whichmakes thou-
sands of synaptic connections. Although indi-
vidual neurons can themselves be sophisticated
information-processing units, it is their synap-
tic connection patterns that enable neurons to
form specialized circuits for specific functions,
making the brain a powerful computational
device. Decades of research using anatomical
tracing, physiological recording, functional
perturbation, and computationalmodeling in
diverse organisms have detailed the connec-
tion patterns of neurons and their functions
at scales ranging from microcircuits of a few
neurons to global organization of millions of
neurons. Here, I synthesize these findings
from the perspective of circuit architectures
and discuss how these architectures might
emerge during development and evolution.

ADVANCE: Suppose individual neurons are to
the brainwhat letters are to an article.We can
then consider microcircuit motifs as words
and larger-scale architectural plans as sen-
tences. At the level of words andmicrocircuits,
specific patterns of connections between ex-
citatory and inhibitory neurons confer ele-
mentary information-processing functions.
For example, feedforward excitation allows in-
formation to propagate across neural regions,
with convergent and divergent excitation to
integrate signals from multiple upstream

sources and disseminate signals to diverse
downstream targets, respectively. Feedfor-
ward inhibition and feedback inhibition reg-
ulate the duration andmagnitude of incoming
excitatory signals and often work together to
control gain and dynamic range of input sig-
nals as well as facilitate synchronous and
oscillatory firing. Lateral inhibition selects
information to be propagated to downstream
circuits by amplifying differences in activity
between parallel pathways. Mutual inhibition
can produce rhythmic outputs and regulate
brain states. These core circuit motifs are
almost always used in concert to build up
complex signal-processing units.
The next level of organization, the sentences,

is more heterogeneous in scale and configu-
ration. Continuous topographic mapping, in
which neighboring input neurons connect to
neighboring target neurons through orderly
axonal projections, provides away to organize
information at successive stages of process-
ing, minimizes wiring length, and can facili-
tate extraction of local contrast through lateral
inhibition. Discrete parallel processing allows
signals to be represented and processed in
parallel, reducing computational depth and
increasing processing speed. Dimensionality
expansion enables output neurons to represent
different combinations of inputs, facilitating
pattern separation by downstream neurons.
Biased input and segregated output divide

neuromodulatory systems with broad pro-
jections into subsystems, each serving distinct
behavioral functions and being differentially
regulated by different stimuli. Recurrent loops
are abundant in nervous systems and support
rich neural activity dynamics. Architectures of
many neuronal circuits at this level are await-
ing discovery.
Unlike computer circuits, which are pro-

ducts of top-down design, neuronal circuits
are products of hundreds of millions of years
of evolution. Some circuit motifs may have
originated long ago, having since been con-
served across diverse clades and passed on to
more recently evolved neural regions. Other
architectures have evolved independently in
different clades. Duplication and divergence
of neuron types and brain regions play impor-
tant roles in brain evolution andmay result in
the modularity of brain connections.
Neuronal circuits are also products of devel-

opment over an individual’s life span. Molec-
ular cues hardwire the nervous system using
genetic instructions selected by evolution, and
neuronal activity and experience fine-tune
connectivity. Continuous topographic maps
can be constructed by molecular gradients,
whereas discrete parallel processing often
requires combinatorial cell surface protein
codes. These strategies enable a small num-
ber of proteins to specify a much larger num-
ber of connections.

OUTLOOK:Application of circuit-mapping tools
such as serial electron microscopy and trans-
synaptic tracing to diverse neural regions in
different species will generate a wealth of data
fromwhich we can distill common principles
of neuronal circuit architectures. Activity re-
cording and perturbation of key elements in a
circuit can establish their functions in informa-
tion processing and animal behavior. A key
challenge is to investigate howdifferentmotifs
and architectures operate across scales. A delib-
erate effort to investigate how letters andwords
are assembled into sentences in key circuit
architectures across species could yield valu-
able insights. Integrating studies of the struc-
ture, function, development, and evolution
of neuronal circuits will enable a deeper un-
derstanding of nervous system organization
beyond the level of individual neurons. Explo-
ration of neuronal circuit architectures will
also continue to inspire important advances
in artificial intelligence.▪
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Between neurons and the brain. Core circuit motifs, such as lateral inhibition depicted here, enable
elementary signal processing. Larger-scale architectural plans, such as continuous topographic mapping also
depicted here, enable specialized functions. Interrogating the structure and function of neuronal circuits is
a central goal of neuroscience; investigating their evolution and development likewise provides crucial insights.

D
ow

nloaded from
 https://w

w
w

.science.org at A
cadem

ia Sinica Life Science on N
ovem

ber 18, 2021

Luo, Science 2021

From neurons to a brain

Complexity

• human
• primate• mouse
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