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Inhibitory interactions between opponent neuronal pathways constitute
acommon circuit motif across brain areas and species. However, in most
cases, synaptic wiring and biophysical, cellular and network mechanisms
generating opponency are unknown. Here, we combine optogenetics,
voltage and calciumimaging, connectomics, electrophysiology and
modeling to reveal multilevel opponent inhibition in the fly visual system.
We uncover a circuit architecture in which a single cell type implements
direction-selective, motion-opponent inhibition at all three network levels.
Thisinhibition, mediated by GluCla receptors, is balanced with excitationin
strength, despite tenfold fewer synapses. The different opponent network

levels constitute anested, hierarchical structure operating at increasing
spatiotemporal scales. Electrophysiology and modeling suggest that
distributing this computation over consecutive network levels counteracts
areductioningain, which would result fromintegrating large opposing
conductances at asingle instance. We propose that this neural architecture
providesresilience to noise while enabling high selectivity for relevant
sensory information.

Thenervous system canbe viewed as being modularly organized into
neural circuit motifs—repeated network structures with similar con-
nectivity patterns—that perform canonical neural computations'™.
Understandingthe structure and function of such circuit motifs might
provide aconceptual link between the function of individual neurons
and the entire brain. Inhibitory interactions between oppositely tuned
channels are one classical example of acommon circuit motif. In color
vision, for example, opponentinhibition between channels tunedto dif-
ferent spectral wavelengths allows the circuit to disambiguate changes
in spectral information from changes in relative brightness®”. In the
barn owl, amidbrain circuit involved in attention features a ‘recipro-
cal inhibition of inhibition’ connectivity motif that allows stimulus
segregation into ‘strongest’ and ‘others’. A similar network motifin
the zebrafish hindbrain ensures that the animal escapes to the correct
directioninresponse to athreatening stimulus’. Opponentinhibition
also occurs between choice-selective neurons in the mouse posterior
parietal cortex where it leads to amplified separation of oppositely
tuned neural populations'®. However, the aforementioned circuits are

difficult to manipulate experimentally; in most cases, their synaptic
architectures and the cellular and biophysical mechanisms that give
rise to opponency are unknown.

In this study, we took advantage of the experimental accessibility
and electron microscopy (EM)-connectomic reconstructions of the
Drosophila nervous system to investigate opponent inhibitory con-
nections in the lobula plate motion vision circuitry. The major input
elementstothelobula plate are small-field T4/T5 cells, which are the first
direction-selective neuronsinthe ON (T4) and OFF (T5) pathways of the
Drosophila visual system". They come in four subtypes, each of which
responds preferentially to one of the four cardinal directions of motion
and sends axonal projections to a specific lobula plate layer. There,
large-field lobula plate tangential cells (LPTCs) integrate excitatory
input frommultiple T4/T5cells, thus inheriting their directional prefer-
ence. T4/T5 cellsalso targetinhibitory lobula plate-intrinsic (LPi) neu-
rons, which in turn project onto LPTCs in the neighboring, oppositely
tuned layer™ (Fig.1a). This feedforward network is highly convergent:
asingle LPTC pools synapticinputfromupto 700 T4/T5 cellsand from

'Max Planck Institute for Biological Intelligence, Martinsried, Germany. 2Ludwig Maximilian University of Munich, Munich, Germany.

e-mail: georg.ammer@bi.mpg.de

Nature Neuroscience | Volume 26 | November 2023 | 1894-1905

1894


http://www.nature.com/natureneuroscience
https://doi.org/10.1038/s41593-023-01443-z
http://crossmark.crossref.org/dialog/?doi=10.1038/s41593-023-01443-z&domain=pdf
mailto:georg.ammer@bi.mpg.de

https://doi.org/10.1038/s41593-023-01443-z

b ChR2 activation

o

H — norpA’; T4/T5 > ChR2-H134R
—e nhibitory = VS > ChR2-H134R (zero Ca”)
—< Excitatory

d e
LPi3-4

.
h i
10 -
—~ 54
w ' (1) LT \\. NS p———
o o
T T 5
-10 4
T T T T T T T T T T
0O 90 180 270 360 0O 90 180 270 360
Direction (°) Direction (°)
L m
1 1.0 4 P
| 4
=% i %
5 - ! 0.8 1 R
I P L @ %
< | [%6)
¥ &8 i _ 06+ -i- o
o 1o 'j:J 77777777 e}
~ % 0 ~ s s o
[N Ty | , >
ag | 0.4 o o
| o ¥
|
-5 | 0.2
7 r.-0.99; ** | e $
Slope: -1.03 | 0 .
T T T
-5 0o 5 o > bl o
. T E S
LPi4-3 > >
-AF/F (%)

Fig.1|Motion-opponent voltage responses in the lobula plate motion

vision circuitry. a, Neural circuit architecture of the core lobula plate circuitry.
Differential temporal filtering of inputs to T4/T5 cells is indicated by the symbol T.
Of the four lobula plate layers, only layers 3 and 4 are shown for simplicity.

b, Membrane potential responses of VS cells to optogenetic stimulation of either
T4/T5 (black trace) or VS cells (red trace). Note that synaptic transmission was
silenced by using Ca*-free external saline when stimulating VS cells. The full
response trace (left) and zoom-in (right) are shown. ChR2, channelrhodopsin-2.
¢, Power spectra of optogenetically induced responses fromb. d-g, Voltage
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response traces of VS (d), LPi3-4 (e), LPi4-3 (f) and T4c cells (g) to gratings (d-f)
or dots (g) movingin the PD or ND. h-k, Directional tuning curves for VS (h),
LPi3-4 (i), LPi4-3 (j) and T4c cells (k). 1, Linear regression between LPi3-4 and
LPi4-3 cell voltage responses to the same stimulus directions. ***P < 0.001.
m-o0, MOlIs (m), L, indices (n) and preferred tuning directions (o) of allimaged
celltypes. The datainb,care from n =3 flies per genotype. The dataind-o are
from VS (n=15), LPi3-4 (n =13), LPi4-3 (n =15) and T4c cells (n =13 flies). The thin
lines and dots represent individual flies. The thick lines and error bars indicate
the mean + s.e.m.Inl, a Wald test was used. See also Extended Data Figs.1and 2.

around 7-8 LPi cells, whereas a single LPi cell collects input from up to
100 T4/TS5 cells. LPTCs thus depolarize when confronted with stimuli
moving along the preferred direction (PD) of presynaptic T4/T5 cells
and hyperpolarize when stimuli move in the opposite, that is, null direc-
tion (ND)—a response property that is termed ‘motion-opponent™,
By integrating input from different subsets of T4/TS5 cells, individual
LPTCs are tuned to particular optic flow fields that match specific pat-
terns of self-motion of the fly”'%, The additional inhibitory layer of
LPi cells increases flow field selectivity by disambiguating flow fields
that share motion components in one, but not the other direction'.

This information about complex visual features is then used by down-
stream circuits to guide appropriate behavioral reactions' 2.,

Inthis study, wereveal thatasingle cell type, LPineurons, isimple-
menting opponent inhibition at all three consecutive levels of the
motion vision circuit: (1) at the axon terminals of T4/T5 cells; (2) by
reciprocalinhibition between LPi cells themselves; and (3) at the den-
drites of LPTCs. Our results suggest that the opponent stage at the
level of LPTCs is essential to generate flow field selectivity, whereas
motion opponency at the level of T4/T5 cells and LPi cells enhances
the responsiveness of LPTCs under noisy conditions.
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Results

Inhibitory feedback connections in the lobula plate circuitry
How motion-opponent visual responses in vertical system (VS) cells—
an LPTC subtype—arise by LPi-mediated feedforward inhibition was
demonstrated previously™ (Fig. 1a). While exploring synaptic transmis-
sionfromT4/T5to VS cells”, we observed that prolonged optogenetic
stimulation of all T4/T5 cellsinduced fast membrane potential oscilla-
tions in postsynaptic VS cells (Fig. 1b). These oscillations were absent
when directly stimulating synaptically isolated VS cells (Fig. 1b) and
occurred withafrequency of approximately 100 Hz (Fig. 1c); thus, they
areindicative of fast synaptic feedback inhibitionin the lobula plate”*.
Therefore, we aimed to identify the anatomical basis and physiological
function of these putative inhibitory feedback connections.

Motion-opponent voltage responses in lobula plate neurons
To explore the sources and tuning of inhibition in the lobula plate
motion vision circuit, we performed two-photon voltage imaging of
all key neural circuit components (Fig. 1a) in response to visual motion
using the genetically encoded voltage indicator ArcLight® (Extended
Data Fig. 1). We first confirmed motion-opponent voltage responses
and directional tuning when imaging the dendrites of VS cells
(Fig.1d,h). Next, we imaged voltage responsesin LPi3-4 cells, which are
tuned to upward motion based on their calcium signals'®. In agreement
with calcium imaging, LPi3-4 cells depolarized to upward motion.
When stimulated with downward motion, LPi3-4 cells responded
with a strong sustained hyperpolarization (Fig. 1e,i). Similarly, the
oppositely tuned LPi4-3 cells depolarized to their PD (downward)
and hyperpolarized to their ND (upward) (Fig. 1f,j). Acomparison
of the directional tuning curves of both LPi neuron types revealed
mirror-symmetrical tuning properties (Fig. 11). Thus, LPi cells—which
account for the motion opponency of VS cells’>—are themselves already
fully motion-opponent.

We then performed voltage imaging of T4c cell axon terminals,
which arborize in layer 3 of the lobula plate and are tuned to upward
motion. T4c terminals depolarized in response to upward motion and
hyperpolarized, albeit less strongly, to downward motion, indicating
that they also receive motion-opponent inhibitory input (Fig. 1g k).
We quantified motion-opponent responses by calculating a motion
opponency index (MOI) (Fig. Im). Motion opponency was highest in
LPineurons followed by VS cells. T4 cells showed lower levels of motion
opponency onaverage. We further quantified each cell type’s direction
selectivity (L) and preferred tuning direction (Fig. 1n,0). Additionally,
to gauge the transformation from voltage to calcium, we measured
calciumresponsesin the above cell types to the same stimuli (Extended
DataFig.2). All celltypes again responded in amotion-opponent man-
ner; however, with the exception of T4c cells, MOIs were much lower
when comparing calciumwith voltage, arguing for anonlinear, rectify-
ing voltage-to-calcium transformation (Extended Data Fig. 2k,n-q).
Incontrast, Ly, was generally higher for calcium responses (Extended
Data Fig. 2I). Preferred tuning directions were not different between
voltage and calcium recordings (Extended Data Fig.2m).

Input from the oppositely tuned layer generates motion
opponency

We next sought to identify the origins of motion-opponent responses
in LPi cells, which could in principle arise according to two distinct
mechanisms. First, LPi cells could inherit motion opponency directly
from presynaptic T4/T5 cells. Second, LPi cells could receive direct
depolarizing input from T4/T5 cells with aligned tuning and indi-
rect hyperpolarizing input from oppositely tuned T4/T5 cells via yet
unidentified cross-inhibitory connections. To directly test the latter
hypothesis, we blocked synaptic transmission from upwardly tuned
T4/T5c cells by expressing tetanus neurotoxin (TeNT) while measur-
ing voltage responses to motion stimuli in LPi3-4, LPi4-3 and VS cells.
Silencing the synaptic output of T4/T5c cells completely abolished

ND hyperpolarization toupward motionin VS cells, inagreement with
anindirect input from T4/T5c cells that is sign-inverted by inhibitory
LPi3-4 cells (Fig. 2a,b). LPi3-4 cells, in turn, lost depolarizing responses
toupward motion when blocking the direct excitatory input from T4/
T5ccells (Fig. 2d,e). LPi4-3 cells showed the same effect on blocking of
T4/T5ccells as VS cells—hyperpolarizing responses to upward motion
were absent (Fig. 2g,h). Thus, silencing upwardly selective T4/T5c
cells abolished the responses of downstream cells to upward motion,
whereas responses to the opposite direction were left untouched. Thus,
motion opponency was lost in all cell types and L,;, was reduced
(Fig. 2¢,f,i). We conclude that fully motion-opponent responses in
LPiand VS cells arise de novo by integrating output from oppositely
tuned T4/T5 cells across neighboring lobula plate layers.

Connectomics reveals amultilevel motion-opponent network
The finding that motion opponency in LPicells arises by integrating sig-
nals across neighboring lobula plate layers (Fig.2) prompted us toiden-
tify the synaptic connections that mediate cross-inhibition between
layers. To this end, we performed analysis of synaptic connectivity in
the lobula plate by taking advantage of a connectome obtained from
dense reconstruction of EM data®®. The motion-opponent responses
of LPi3-4 and LPi4-3 cells could plausibly be explained by inhibitory
cross-connectivity between these cell types themselves. We thus asked
whether such aconnectivity patternis apparentinthe hemibrain con-
nectome” (Fig. 3a).

Starting our analysis from VS cells, we identified putative LPi3-4
and LPi4-3 cellsaccording to the following criteria: (1) both are bistrati-
fied and resemble genetically defined cells in shape'> (Fig. 3b,d); (2)
the presynaptic sites (T-bars) of LPi3-4 cells are largely restricted to
layer 4 whereas the presynaptic sites of LPi4-3 cells are found predomi-
nantly inlayer 3 (Fig. 3c,e); (3) LPi3-4 cells receive synapticinput from
T4/T5cmainlyinlayer 3, whereas LPi4-3 cells obtain major T4/T5d input
inlayer4; (4) LPi3-4 cells are strongly connected to VS cells'>**, whereas
LPi4-3 cells provide input toyet uncharacterized layer 3 output neurons
(Fig. 3f-h). As seen in the connectivity matrix (Fig. 3h), we found that
the two LPi cell types were indeed reciprocally connected, providing
an explanation of how their motion opponency arises. Furthermore,
the connectome data suggested that LPi cells provide selective syn-
aptic input to T4/T5 axon terminals with opposite directional tuning
(Fig. 3h), probably explaining the fingerprints of motion opponency
that we observed in T4c voltage and calcium measurements (Fig. 1g,k
and Extended DataFig. 2d,e). We also detected many T4-T4 and T5-T5
connections between cells of the same subtype (Fig. 3h), as reported
earlier’?, As these connections were almost exclusively between cells
with the same directional tuning, we inferred that they do not contri-
bute to motion-opponent computations and thus did not investigate
them further. Onthe whole, our analysisis also consistent with a wiring
diagram derived from a different EM dataset™.

Unexpectedly, the number of inhibitory LPi synapses onto VS or
different LPi cellsamounted to only between 5% and 20% of summed
LPi and T4/T5 inputs in both datasets (Fig. 3i and Extended Data
Fig. 3a). Given almost symmetrical voltage responses (Fig. 1h-j), a
simple biophysical model predicted that the unitary synaptic con-
ductance for glutamatergic inhibitory (LPi) synapses should be at
least tenfold higher than for cholinergic excitatory (T4/T5) synapses
(Extended Data Fig. 3b). Therefore, we used electrophysiology to
measure conductance changesin VS cells to visual stimulation, which
led to estimated inhibitory to excitatory conductance ratios (gi/g.)
of around 7.7 and 10.9, in agreement with the model’s prediction
(Fig. 3j and Extended Data Fig. 3c).

The newly identified synaptic connections called for a revised
lobula plate wiring diagramin which single LPi cells are wired to inhibit
T4/T5 axon terminals, LPi cells with opposite tuning and LPTC den-
drites, thus performing motion-opponent computations at all three
consecutive levels of the core lobula plate circuit (Fig. 3k).
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Fig.2|Direction-selective input from the oppositely tuned lobula plate
layer generates motion opponency. a-c, Voltage response traces to PD and ND
motion (a), directional tuning curves (b) and motion opponency (left) and L;,
indices (right) (c) of VS cells from control (gray) and T4/T5cblock flies (color).
d-f, Same as a-c but for LPi3-4 cells. g-i, Same as a-c but for LPi4-3 cells.

Direction (°)

The dataina-care from T4/T5cblock (n=7) and Ctrls (n = 6 flies). The datain
d-fare from T4/T5cblock (n=7) and Ctrls (n = 6 flies). The datain g-iare from
T4/T5cblock (n=7) and Ctrls (n =7 flies). The thin lines and dots represent
individual flies. The thick lines and error bars indicate the mean + s.e.m.
Inc,fi, atwo-sided Welch’s t-test was used. **P < 0.01, ***P < 0.001.

Motion-opponentinhibition is mediated by GluCla receptors

The reciprocal synaptic connections between LPi4-3 and LPi3-4
neurons, their glutamatergic neurotransmitter profile'>*° and the
predicted inhibitory nature of these synapses indicated that both
LPi types express the inhibitory glutamate-gated chloride chan-
nel GluCla. Furthermore, the finding that LPi3-4 cells are mainly
presynaptic in lobula plate layer 4 and LPi4-3 mainly in layer 3
(Fig. 3c,e) suggested that GluCla predominantly localizes to these
layersin postsynaptic cells. As predicted, a GluCla-green fluorescent
protein (GFP) reporter® mainly localized to VS cell dendrites, to lobula
plate layer 3 in LPi3-4 cells and to layer 4 in LPi4-3 cells (Fig. 4a-c).
Additionally, the nicotinic acetylcholine receptor subunit Da7 was
detected in the same layers as GluCla, which is consistent with cho-
linergic input from T4/T5 cells (Extended Data Fig. 4). High levels
of the GluCla receptor were also found on the axon terminals of
T4/T5c cells*—in agreement with inhibitory feedback connections
from LPi4-3 cells onto T4/T5c terminals (Fig. 4d). To confirm the
functionalrole of GluCla ingenerating ND inhibition, we investigated
the effect of GluCla-RNA interference (RNAi) knockdown on visual
responses of LPi4-3 neurons as an exemplar (Fig. 4e-g). Depleting
GluCla from LPi4-3 cells strongly diminished ND hyperpolarization,
whereas PD depolarization was unaltered (Fig.4e,f). Thisled toastrong
reduction in motion opponency and decreased L, (Fig. 4g). Thus,

GluCla receptors mediate motion-opponentinhibitionin LPi4-3 cells
and probably also LPi3-4 cells, VS cells and T4/T5 terminals.

Transparent motion reveals sources and strength of inhibition
To investigate motion-opponent inhibition in further detail, we used
atransparent motion (TM) stimulus that contained balanced PD and
ND motion components at the same time** (Supplementary Video1).
The reduction in response to TM compared with the PD response
allowed for an estimation of the strength of motion-opponent suppres-
sion. Wefirst performed electrophysiological experimentsin VS cells.
Randomly placed dots moving coherently in the cells’PD or ND led to
depolarization and hyperpolarization, respectively (Fig. 5a). TM, that
is, simultaneous motion of half of the dots in PD and the other halfin
ND, evoked only weak responses, indicative of strong motion-opponent
suppression. When changing the fraction of dots that moved in the PD
orND, VS cell responses varied linearly with the fractional difference of
dotsmovinginPD and ND (here termed ‘coherence’) (Fig. 5b). Calcium
signals in LPi4-3 cells also showed motion-opponent suppression when
confronted with TM (Fig. 5¢,d and Extended Data Fig. 5a,b). Like in VS
and LPi4-3 cells, strong motion-opponent suppression also occurred
in T4/T5c and T4c axon terminals at the level of calcium (Fig. 5e,f
and Extended Data Fig. 5c-f), confirming previous results*, and at
the level of membrane voltage in T4c cells (Extended Data Fig. 5g,h).
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includedin the reconstructed EM volume (middle, indicated in light blue). LPi3-4
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postsynaptic (green) sites of LPi3-4 cells in relation to all synapses (blue) were
detected in the corresponding EM volume (indicated with dashes in c¢). Relative
positions of the lobula plate layers are indicated with numbers1-4.d,e, Same as

h
Sum 4 642 (1,642 | 938 (1,292 | 393
o T4T5d 4 475 89 44 1,040 2
g
C T4Tsc 4 128 822 | 66 | 352 1 12,844
3
a
LPi3-4 4 27 (0] 15 69 1 351
Z_ 7 [ | 1 |20
> M (,)0 ™ <
. . & & N
S\V \33’ & &b“\ \ro*e} \fbé =
L KO
N N
Postsynaptic
Iﬁ 100 - ] 9;/9.=10.86
® | B B | NS
@ » 075
g 75 4 £
5] § 0.50
& 50 = h
e § 025 & ¢
3 2 : W
+ o 04 FEEEEE
= <
5 o) N
T PD ND
\3’\“ \3'(5

L]
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

a

—=e Inhibitory
—< Excitatory

b,cbut for LPi4-3 cells. f, Example of single LPi3-4, LPi4-3 and VS cells and

their synaptic connections. g, Single EM section with cell profiles fromcellsin
fhighlighted in color. Scale bar, 2 pm. h, Connectivity matrix of the analyzed cell
types. i, Percentage of synapses from T4/T5 and LPi cells onto other LPior VS
cells.j, VS cell conductance change to PD or ND visual stimulation (Extended Data
Fig.3).NS, notsignificant. k, Updated schematic of the lobula plate network.
Newly identified synaptic connections are highlighted inred. Datainj:n=16

VS cells. The dots indicate individual cells. The bars and error bars indicate the
mean + s.e.m. The statistical test used was a two-sided Wilcoxon signed-rank test.

Furthermore, we observed hyperpolarization and calcium reduction
in T4c terminals in response to ND motion (Extended Data Fig. Se-h).
Interestingly, the decrease in calcium levels was stronger in T4c axon
terminalsthanin dendrites for multiple visual stimuli (Extended Data
Fig.6). Thus, bothmotion opponency and L;, were higher in T4c axons
than in dendrites (Extended Data Fig. 6d,e), a further fingerprint
of opponent inhibition impinging onto T4/T5 axon terminals.

Next, we removed LPi3-4-mediated inhibitory input to VS cells by
blocking T4/T5c cells and presented PD, ND and TM stimuli. Whereas
responses to PD were unaffected, hyperpolarization to ND stimulation
was abolishedinblockflies, as expected when removing ND inhibition.
Responses to TM were increased in comparison with control flies,
revealing reduced motion-opponent suppression. However, opponent

suppression was not completely lost, but still at alevel of around 40%
(Fig. 5a,b). Performing analogous experiments in LPi4-3 cells using
calciumimaging gave similar results—loss of ND responses and reduced
motion-opponent suppression whenblocking T4/T5c cells (Fig. 5¢,d).
We theninvestigated the origins of motion-opponent suppression in
T4/T5 cells. A previous study suggested that motion-opponent sup-
pression in T4/T5 cells arises exclusively on their dendrites because
of the interaction between dendritic input elements??, as would be
predicted by a three-arm motion detector model* %, However, our
experiments indicated that T4/T5 cells also received axonal inhibi-
tion from oppositely tuned LPi cells. To test this synaptic connection
functionally, we blocked LPi4-3 cells and imaged calcium responsesin
T4/T5c terminals. Interestingly, motion-opponent suppression was
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still present in LPi block flies; however, it was substantially reduced
compared to controls, as in the experiments in VS and LPi4-3 cells
(Fig. Se,f). These results suggest that two complementary mechanisms
generate motion-opponent suppression in T4/T5 cells: a dendritic
mechanism, arising from the interaction of dendritic inputs and unaf-
fected by blocking LPi cells,and an axonal mechanismthatis dependent
oninhibitory input from LPi cells.

A spatiotemporal gradient across lobula plate circuit levels
Weidentified distinct levels of motion-opponent computation atevery
stage of the lobulaplate circuit. Why does this network perform a seem-
ingly redundant operation on multiple consecutive instances? Based
onthe anatomical sizes of the cell types, we reasoned that the distinct
opponent levels might have different spatiotemporal properties. We
therefore characterized the spatiotemporal receptive fields of all cell
types usingastochastic motion noise stimulus followed by reverse cor-
relation®” and focused on individual axons or axonal boutons. VS cells
had large receptive fields’®*° and slow temporal dynamics (Fig. 6a-e).
LPi3-4 and LPi4-3 cells displayed intermediate spatial and temporal
integration properties (Fig. 6a-e). The spatial receptive fields of single
boutons from both LPi types were smaller than expected if cells were
tointegrate linearly over their complete arbor, pointing toward some
extent of compartmentalized signaling. Lastly, T4/T5terminals had the
smallestreceptive fields with the fastest temporal dynamics (Fig. 6a-e).

In line with the different spatial receptive field sizes of T4/T5
and LPi cells, calcium signals in T4/T5 axon terminals were subject to
motion-opponent suppression when stimulated with aPD stimulusin
the receptive field center while showing gratings moving in different
directions in a surrounding annulus that was tailored to the size of
LPi receptive fields. This motion-opponent suppression was depen-
dent on synaptic output from T4/T5 cells with opposite directional
preference (Fig. 6f-h), further supporting inhibitory input to T4/T5
cells from the neighboring lobula plate layer. In summary, we found a
gradient of response properties from fast, small-field T4/T5 cells, over
intermediate LPi cells to slow, large-field LPTCs (Fig. 6d,e). These dif-
ferencesin spatiotemporal integration might be key in understanding
the functional roles of the different levels of opponency.

Functional roles of multilevel motion-opponent inhibition

To synthesize our experimental findings, we constructed a computa-
tional model of the lobula plate network (Methods). Probing either the
fullmodel, or when blocking T4/T5c output connections, with moving
gratings led to directional tuning curves that closely resembled the
experimentally measured ones (Fig. 7a). Ly, motion opponency and
preferred tuning directions also agreed well with the experiments
(Extended Data Fig. 7a-c). Additionally, model VS cells depolarized
and hyperpolarized to PD and ND dot motion and exhibited strongly
suppressed responses to TM, similar to the experiments (Extended
DataFig. 7e).

Next, we blocked inhibitory connections at each opponent level
individually. Response selectivity, as measured by motion-opponent
suppression to TM stimuli, was strongly reduced when blocking syn-
apsesbetween LPiand VS cells, but only mildly when blocking LPi-T4/
T5, LPi-LPi or both types of connections together (Extended Data
Fig. 7d). Thus, the earlier opponent levels operating at smaller (i.e.
more local) spatial scales did not strongly affect response selectivity
ofthe network, suggesting that they have different functional roles. In
model VS cells, the suppression of excitatory input under TM stimula-
tionis caused by an equally strong opposing inhibitory conductance,
which leads to a profound increase in total membrane conductance
(Extended Data Fig. 7e). This increased membrane conductance shunts
additional incoming signals, thus effectively decreasing the gain of
the neuron*’. These considerations inspired a functional hypothesis:
performing opponent inhibition already at earlier circuit levels, and
thus at more local spatial scales (Fig. 6¢,d), might partially relieve the
VS cell membrane from impinging excitatory and inhibitory inputs
caused by locally opponent motion noise. (In this study, noise is defined
aseverything thatleads to simultaneous activation of oppositely tuned
motion detectors and is thus noninformative about the direction of
localimage motion.)

We tested this hypothesis by investigating three predictions that
follow fromit: (1) first, the conductance change in VS cells should be
higher for a stimulus that contains motion components that are only
globally opponent (i.e. at the spatial scales of the receptive fields of VS
cells), but notlocally opponent (i.e. at the spatial scales of the receptive

Nature Neuroscience | Volume 26 | November 2023 | 1894-1905

1899


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-023-01443-z

— Ctrl

PD ND

— Ctrl

LPi4-3 cells

— Ctrl

=
O

Fig. 5| Voltage and calcium responses of VS, LPi4-3 and T4/T5ccells to TM.
a,b, Voltage responses of VS cells to PD, ND and TM from control (gray) or T4/T5c
block flies (green). Response traces are shown in a. Mean responses for different
‘coherences’ of moving dots (left) and motion-opponent suppression indices
(right) are showninb. ¢,d, Calcium responses of LPi4-3 cells to PD, ND and TM
from Ctrl (gray) or T4/T5cblock flies (blue). Response traces are shownin ¢. Bar
plots of mean responses (left) and motion-opponent suppression indices (right)
areshownind.e,f,Sameasin c,d but for calcium responses of T4/T5c cells from

— T4/T5c block

— T4/T5c block

— LPi4-3 block

1.0 *kk
3
E " /-/ -g o8 +
/ c
2 —= A% 064 @
O 0Tl 3 °
Q v 5 0.4 o
2 i aQ €
& 024
54
0 [
T T T —_
-1 0 1 Ctrl TeNT
Coherence
5 1.0 7 *kok
x
.l P *kk % 0.8 *
c
3 = | %
w S 0.6
5 s e
g 24 0 ]
Kk < 0.4
14 Q
| | 3 02 °
04 - - - - [
s
4 oA
T T T T T T -Tr T
PD PD ND ND ™ T™ Ctrl TeNT
CtrlTeNT  Ctrl TeNT  Ctrl TeNT
f
34 1.0+ *kk
x
$ 0.8 ==
X e
2 *% < S
¢ 5061 ° &
w ‘B
< @»
1 o 0.4+ ®
& e
' 3 024 ]
0 4 ,i‘, ,‘ - 0
T T T T T T -Tr T
ND ND PD PD ™ T™ Ctrl TeNT
Ctrl TeNT  Ctrl TeNT  Ctrl TeNT

Ctrl (gray) and LPi4-3 block flies (the dataina,b are from Ctrl (7 cells) and T4/T5c
block (9 cells); the datain c,d are from Ctrl (8 flies) and T4/T5c block (12 flies);
and the datain e,ffrom Ctrl (11 flies) and LPi4-3 block (11 flies)). The voltage or
calciumtracesina,c,eindicate the mean responses. The thinlines or dots in

b,d frepresentindividual cells or flies. The thick lines or bars inb,d,findicate
the mean + s.e.m. The statistical test used was a two-sided Welch'’s ¢-test. See also
Extended Data Fig. 5.**P < 0.01, ***P < 0.001.

fields of T4/T5and LPicells). This requirementis fulfilled by a stimulus
inwhichall dots on one half of the screen move in the PD and all dots on
the other half moveinthe ND, whichis reminiscent of an optic flow field
caused by forward translation (‘global TM’; Fig. 7b and Supplementary
Video 2). Conversely, the TM stimulus used in previous experiments
(local TM’; Figs. 5and 7b and Extended Data Fig. 5) also contains locally
opponent motion components (i.e. local motion noise). Fly VS cells
responded similarly to ‘local’ and ‘global’ TM stimuli at the level of
membrane voltage (Fig. 7c,d). However, conductance changesin model
VS cellsrevealed asignificant differenceinresponse to local and global
TM, inline with our first prediction (Fig. 7g, left). To test whether the
earlier, locally opponent levels caused this effect, we blocked inhibi-
tory feedback connections from LPi cells to T4/T5 cells and between
LPitypes (‘feedback block’) inthe model. Consequently, conductance
changes in response to locally and globally opponent stimuli were
rendered indistinguishable (Fig. 7g, middle; Extended Data Fig. 7f). We
thentested prediction (1) with conductance measurementsin VS cells
(Fig. 7e,f). Conductance changes in response to global TM in VS cells
were indeed around 1.7-fold higher than to local TM, supporting our
functional hypothesis (Fig. 7g and Extended Data Fig. 8a); (2) asecond
prediction was that the conductance change to local TM should be
smaller than the sum of conductance changes caused by its individual
PD and ND motion components, and this effect should again depend on

the presence of inhibitory feedback connections. Model simulations
werelargely in agreementwith this prediction, although blocking feed-
back connections onlyled toareduction, not to fullabolishment, of the
predicted effect (Fig. 7h). Importantly, the experimentally measured
conductance changein VS cellsto local TM was indeed smaller than the
sum of PD and ND motion components measured inisolation, and this
effect was even more pronounced than predicted by the full network
model (Fig. 7h, right; Extended Data Fig. 8b); (3) as a third prediction,
the conductance change for the global TM stimulus should be equal to
itsindividual components, independent of the presence of inhibitory
feedback. Network simulations and electrophysiological measure-
ments were congruent with this prediction (Extended Data Fig. 8c),
further corroborating our functional hypothesis.

Local motion opponency enhances neural network response
gain

Lastly, we extended our computational model to explore the relation-
ship between locally opponent noise and VS cell responses in more
detail. We varied the relative amounts of PD and ND motion compo-
nents (i.e. coherence), and thus the amount of motion opponency,
and compared VS cell responses and conductance changes between
the full model and wheninhibitory connections were blocked (Fig. 7i-1
and Extended DataFig. 8d-g). Blocking opponent feedback inhibition
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led to areduction of response strength over all coherences (Fig. 7i
and Extended Data Fig. 8d). Importantly, blocking feedback connec-
tions also led to a pronounced reduction in response gain, measured
astheslope of theresponse curve (Fig. 7k and Extended Data Fig. 8e),
whereas the total change in conductance increased for all coherences

(Fig. 7j). Comparing differences in response gain and conductance
between fullmodel and feedback block revealed aninverse relationship
(Fig. 7k). The difference in response gain was highest when opponency
was highest (i.e. at coherence = 0), which was exactly when VS cell con-
ductance was most strongly reduced. Response gainand conductance
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Fig.7|Functional roles of motion-opponentlevelsin the lobula plate.

a, Directional tuning curves of model VS, LPi3-4, LPi4-3 and T4/T5c cells

from lobula plate network simulations stimulated with moving gratings. The
simulations were run with normal network connectivity (gray) or with T4/T5c
cells blocked (colors). b, Cartoons illustrating the visual stimuli used below.
c,d, Electrophysiologically measured voltage responses of VS cells to dots moving
in PD, ND or to TM stimuli. ‘Local’ stimuli are shownin ¢ (gray) and ‘global’
stimuliare shownind (purple). e,f, Same as ¢,d but for electrophysiologically
measured conductance changes instead of voltage responses. g, Conductance
changes of fullmodel (left) or when LPi-T4/T5 and LPi-LPi connections were
blocked simultaneously (‘feedback block’, middle) and experimentally measured
responses (right) for local (dark gray) and global (purple) TM stimuli. h, Like

g but comparing the sum of local PD + ND (light gray) and local TM (dark gray).
Note that, to facilitate comparison between experiment and model, 3 of 32 (g)

and10of32 (h) data points are beyond the arbitrarily set y axis limits. Plots with
allindividual data points are shown in Extended Data Fig. 8a-c.1,j, Voltage
responses (i) and conductance changes (j) of VS cells from full network model
(gray) or model without inhibitory feedback connections (pink) to local TM
stimuli with different coherences (coh). k, Gain (gray) and conductance (green)
differences between full model and feedback block for different motion
coherences. 1, Correlation between conductance difference and gain difference
for PD-dominated (red, r = —0.99) or ND-dominated (blue, r =-0.98) motion.
Datainc-h:n=16 VS cells. Response traces indicate mean responses. The dots
indicate individual cells or model runs. The bars and error bars indicate the
mean +s.e.m. Atwo-sided paired Student’s t-test was used for the model datain
g h; atwo-sided Wilcoxon signed-rank test was used for the experimental datain
g h;andinl, aWald test was used. See also Extended Data Figs. 7and 8. *P < 0.05,
*P<0.01,**P<0.001.
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were thus anticorrelated for both PD- and ND-dominated motion
(Fig. 71). Together, these results suggest that the motion-opponent
levels discovered in this study function to reduce the conductance
load on VS cell dendrites when locally opponent noise is high, which
enhances the sensitivity of the network under such conditions.

In conclusion, motion-opponent inhibition at the level of T4/T5
terminals and LPi cells suppresses locally opponent signals, whereas
the VS cell level cancels out stimuli that are globally opponent. This
network architecture enables the circuit to beresilient tolocally oppo-
nent noise while enabling global flow field selectivity with high gain.

Discussion

Inthis study, weidentified anested neural circuit architecture inwhich
asingle computation—motion-opponent suppression—isimplemented
atevery processing level across the network. Interestingly, most cellsin
thelobula plate that are postsynaptic to T4/T5 cells also receive input
fromLPi cells'*?, suggesting that multilevel opponency is not restricted

to LPTC circuits, but ageneral connectivity principle inthe lobula plate.

Conductance mismatch between inhibitory and excitatory
synapses

We found a tenfold to 20-fold difference between the number of
excitatory and inhibitory synaptic inputs onto VS and LPi cells (Fig. 3
and Extended Data Fig. 3), in line with a recent study'. Whereas the
physiological impact of synapses of the same type grows linearly with
synapse number*?, our measurements argue that the unitary synap-
tic conductance of inhibitory synapses in the lobula plate circuit is at
least an order of magnitude larger than that of excitatory synapses,
thereby compensating for the lower number of synaptic inputs (Fig. 3
and Extended Data Fig. 3). The majority of synaptic connectionsin the
larvaland adult fly brain have low synapse numbers***, Our results show
thatsuch anatomically sparse connections—especially wheninhibitory
and acting on GluCla receptors—can have a functionally strong and
important impact****. This is reminiscent of the mouse visual cortex,
where inhibitory neurons only provide around 10% of input synapses
to pyramidal cells*, yet inhibitory conductances dominate sensory
responses®. Thus, our study highlights that the relative conductances
of different synapse and receptor types are critical when inferring
physiological connection strength from anatomical synapse counts.

Signal rectification by voltage-to-calcium transformation

In contrast to voltage responses, calcium signals only showed weak
changes on ND stimulation in all cell types, resulting in small MOIs
and arguing for anonlinear rectifying transformation from voltage to
calcium (Extended Data Fig. 2). A similar nonlinear voltage-to-calcium
transformation is thought to underlie the emergence of ON and OFF
selectivity in Drosophila medullary neurons*®. Mechanistically, such
rectifying transformations could plausibly be implemented by the
nonlinear gating of voltage-gated calcium channels*. Why is the infor-
mationabout opposing motion largely discarded at the neurons’ output
stage? For the output signal of aneuron to be motion-opponent, the cell
would have torelease neurotransmitter at rest and increase or decrease
transmitter release depending on the direction of stimulus motion,
respectively. This would be energetically expensive and it would lead
to increased synaptic conductance and thus reduced response gain
in postsynaptic cells. Thus, integrating information about opponent
motion directions at the level of the membrane potential and then
rectifying the signal before transmitting it to postsynaptic partnersis
probably beneficial from an energetic and aninformation theoretical
point of view.

Functional specialization of postsynaptic computations

Why is the lobulaplate network implementing a seemingly redundant
operation at multiple consecutive processing stages? In addition to
biophysical considerations, one possible benefit of such an architecture

isthatitallows eachlevel to functionally specialize independently and
thereby fine-tune the properties of the opponent computation. This
way, distinct network layers could implement slightly different arith-
metic operations that lead to opponent suppression, despite being
implemented by the same cell type. As one example, T4 cells rest at
more negative membrane potentials than VS cells and are therefore
closer to the reversal potential of chloride®*°. Consequently, oppo-
nent inhibition might be mainly subtractive, that is, linear, in LPi and
VS cells, and more divisive in T4/T5 cells. This would also explain why
hyperpolarizing responses to ND motion are much smaller in T4/T5
cells than LPi or VS cells (Fig. 1), despite showing similar amounts of
opponent suppression (Fig. 5).

Function of opponency inrelation to the visual environment
Our experiments revealed a gradient of increasing spatiotemporal
integration from earlier to later stages of the lobula plate network
(Fig. 6). This is similar to the mouse visual system where both recep-
tive field size and temporalintegrationincrease along the anatomical
hierarchy of visual areas®’. We reasoned that the functional roles of
the distinct levels of opponency are linked to their different spatial
integration scales, which might be reflected in different features of
the visual environment across scales. Accordingly, T4/T5 cells with
smallreceptive fields cancel out locally opponent signals that arise by
local luminance fluctuations®. The intermediate, LPi, level then sup-
presses uncorrelated image motion over intermediate spatial scales.
Importantly, the statistical structure of moving natural scenes alone
already leads to the activation of oppositely tuned motion detectors
at small spatial scales®*** and might thus be the dominant source of
locally opponent motion signals. In general, everything that induces
the activation of oppositely tuned T4/T5 cells within the spatial scale
of an opponent level will be suppressed by opponent inhibition. In
additionto visual features, this might be caused by intrinsic neuronal
noise, if correlated across neurons.

Attheoutputlayer of thelobula plate network, VS cells can distin-
guish between different flow fields by integrating motioninformation
over alarge visual field in which excitatory signals from the matching
part of the receptive field are canceled by inhibitory signals from the
nonmatching part'2. Thereby, the motion-opponent stage at the level of
VS cell dendrites acts as aselectivity filter thatis matched to particular
flow fields encountered during ego motion'>"”'®, Notably, LPTCs are not
thelast stage where motion-opponent signals are integrated. Inaneural
circuit forlooming detection, for example, contralateral suppression
between visual glomeruli of the two brain hemispheres was found*’.
Additionally, recent studies showed that comparing the activities of
oppositely tuned motion-sensitive neurons across the two hemispheres
adds another layer of opponency that further enhances selectivity to
particular optic flow patterns®,

Sublinearity of synaptic integration limits dynamic range

Animportant functional role of multilevel opponency s linked to the
biophysical properties of synaptic integration (Fig. 7). In a perfectly
linear system, it is mathematically equivalent if a subtractive opera-
tion is carried out in multiple steps or all at once. The interaction of
synapticinputs, however, isintrinsically sublinear and, asaresult, the
gain of aneuron decreases with increasing total synaptic conductance,
thereby limiting its dynamic range*. Thus, cancellation of oppos-
ing motion at a single neuronal instance can lead to a conductance
overload that drives the cell into alow-gain regime. Distributing this
computation over several levels allows each level to operateinarange
where the transfer function from synaptic conductance to membrane
potentialiis steep and thus bandwidth and information transferis high,
particularlyinthe presence of noise. Thus, integration of opponently
tuned excitation and inhibition at multiple consecutive network layers
allows the circuit to achieve high selectivity at the output without
compromising sensitivity at every stage of the network. Thus, our
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study illustrates that the architecture of biological neural networks,
in contrast to artificial networks, is not only shaped by the computa-
tional operations it must fulfill, but also by the intrinsic biophysical
properties of its neuronal constituents.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41593-023-01443-z.
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Methods

Fly husbandry

Allflies (Drosophila melanogaster) were generally raised on standard
cornmeal agar medium at 25 °C and 60% humidity ona12 hlight-12 h
dark cycle throughout development. For the optogenetic experiments,
freshly eclosed flies were transferred to food that was supplemented
with yeast paste containing1 mM all-trans-retinal powder (catalog no.
R2500, Sigma-Aldrich). We used female flies for all experiments. For
electrophysiology, we used flies that were 1-2 days old. For the calcium
orvoltageimaging experiments, flies where imaged at an age between
4and 7 days. Experimental flies that carried RNAi or TeNT transgenes,
as well as their respective controls, were transferred to 28.5 °C after
eclosion to enhance the strength of transgene expression. A list of all
fly genotypesis provided in Supplementary Table 1.

Electrophysiology
Electrophysiological whole-cell patch clamp recordings were done as
described previously”. Briefly, flies were waxed to a plexiglass holder
with beeswax and the head inserted into an opening in aluminum foil
that was mounted on a recording chamber. External saline was added
tothe preparation, a part of the cuticle onthe posterior side of the head
wasremoved with afine needle and the muscle covering the cell bodies
of LPTCs was severed. The glial sheath on the surface of the brain was
locally digested by applying Collagenase IV (Thermo Fisher Scientific)
throughapipette with an approximate 5-um opening. When the somata
of LPTCs were exposed, whole-cell recordings were performed with
patchelectrodes (TW150F-4, WPI) pulled to aresistance of 5-9MQ. For
recordings from VS cells that expressed ArcLight, signals were amplified
with aBA-1S amplifier (NPI Electronics), low-pass-filtered with a cutoff
frequency of 3 kHz and digitized at 10 kHz. For conductance measure-
ments, a MultiClamp 700B (Molecular Devices) amplifier was used.
To calculate total conductance changes from current clamp measure-
ments, constant hyperpolarizing holding currents ranging from -200
to 0 pAinstepsof 50 pAwereinjected throughout the stimulus sweeps.
Data acquisition was performed with MATLAB v.R2011b (MathWorks)
and data analysis was done with MATLAB v.R2013b and Pythonv.2.7.15.
Normal external saline contained the following: 103 mM NaCl,
3 mMKCI, 5 mMTES, 10 mM trehalose, 10 mM glucose, 3 mM sucrose,
26 mM NaHCO;, 1 mM NaH,PO,, 1.5 mM CaCl, and 4 mM MgCl,. Zero
Ca*"and high Mg* external saline was used to silence synaptic transmis-
sionand contained: 66 mM NaCl,3 mMKCI, 5 mM TES,1 mM NaH,PO,,
20 mM MgCl,, 22 mM Na gluconate, 10 mM trehalose, 5 mM glucose
and 26 mM NaHCO,. The pH of external solutions was 7.3-7.35 and
the osmolarity was around 285 mOsmol kg™, External saline was oxy-
genated with 95% O, and 5% CO,. The internal solution contained the
following: 140 mM K-aspartate, 10 mM HEPES, 4 mM Mg-ATP, 0.5 mM
Naguanosine 5’-triphosphate,1 MM EGTA,1 mM KCland 0.2 mM Alexa
Fluor 568 hydrazide. The pH of the internal solution was adjusted to
7.26 and the osmolarity to approximately 265 mOsmol kg™. The cell
bodies of VS and HS cells were targeted for recordings based on their
typical anatomical location or guided by the expression of the ArcLight
voltage indicator. Additionally, cell types wereidentified based on the
typical response profiles of VS and HS cells to moving gratings and,
in most cases, anatomically when cells were properly filled with the
AlexaFluor 568 dye.

Functional two-photonimaging

For functional voltage or calcium imaging, we used a custom-built
two-photon laser scanning microscope that was described previously™.
Fly cuticle dissections were performed identically as for the electro-
physiological experiments and imaged in the same extracellular saline.
Images were acquired at a resolution of 64 x 64 or 128 x 64 pixels and
aframe rate of 12.6 Hz. Data acquisition was performed in MATLAB
v.R2013b using Scanlmage v.3.8. Data analysis was performedin Python
v.2.7.15and Pythonv.3.8.8.

Immunohistochemistry

Brains from female flies were dissected in cold PBS and fixed in 4% para-
formaldehyde (in PBS with 0.1% Triton). Brains were washed three times
in PBT (PBS + 0.3% Triton X-100), blocked in 10% normal goat serum
(NGS)inPBT and incubated in the primary antibody solution (antibody
in 5% NGSin PBT) for 36-48 h. Afterwards, brains were washed in PBT
overnight and then incubated in the secondary antibody solution for
48-72 h. Brains were then washed in PBT overnight, briefly washed in
PBS and mounted in VECTASHIELD medium (Vector Laboratories).
Primary antibodies were used at the following dilutions: anti-nc82
(1:25), anti-GFP (1:1,000) anti-DsRed (1:1,000). We used all secondary
antibodies at a dilution of 1:500.

Confocal microscopy
Imageswere acquired withthe Leica Application Suite X ona Leica SP8
confocal microscope equipped with 488-, 561- and 633-nm lasers and
HyD detectors withaLeica20x or 63x glycerolimmersion objective at
aresolution of 1,024 x 1,024 pixels. Image processing was performed
with Image)/Fiji v.1.52e.

Optogenetic stimulation

Optogenetic stimulation of ChR2-expressing cells was performed as
described previously”. While obtaining electrophysiological record-
ings from VS cells, wide-field light pulses were delivered through a
40x (0.8 numerical aperture) water-immersion objective (LUMPIan,
Olympus) to the fly brain. A Lambda DG-4 Plus wavelength switcher
(Sutter) witha300 W Xenon Arclamp served asalight source. ChR2was
excited for1swithbluelight (472/30 nm) at 3-4 mW mm™as measured
under the objective in air.

Visual stimulation

For the electrophysiological recordings in Extended Data Fig. 1,
a custom-built LED arena was used for visual stimulation that was
based on a system described previously®. The arena spanned 170°
in azimuth and 90° in elevation, allowed refresh rates up to 600 Hz
and had a maximum luminance of 80 cd m™ For functional voltage
and calcium imaging and all other electrophysiological recordings,
we used a projector-based arena®’. Visual stimuli were projected onto
the back of an opaque cylindrical screen with two micro-projectors (TI
DLP LightCrafter 3000). The arena covered 180° in azimuth and 105°
inelevation. Visual stimuliwere displayed with arefresh rate of 180 Hz
and a maximum luminance of 276 + 48 cd m™ All visual stimuli were
presented in arandomized manner.

Moving sine-wave gratings (Figs. 1d-f, 2 and 4e-g and Extended
DataFigs.1,2a-d and 6b-e) were displayed at full contrast, had awave-
length of 30° and moved at 30° per second for 1s (which corresponds
to atemporal frequency of 1 Hz) in eight different directions. Moving
bright (ON) and dark (OFF) edges (Extended Data Fig. 6j-m) had a
Michelson contrast of 92% and moved at a velocity of 30° per second.

For all TMstimuli (Figs. 5and 7c-h, Extended Data Figs. 5and 8a-c
and Supplementary Videos 1 and 2), 300 dots with two-dimensional
Gaussian profiles (0 = 4°) were randomly placed on the arena. For PD
or ND motion, 50% of the dots moved in PD or ND while the other 50%
of dots remained stationary. Forlocal TM, 50% of dots moved in PD and
50%in ND, respectively. To measure tuning curves (Fig. 5a,b) fractions
of moving dots were as follows: PD/ND = 0/0.5, 0.125/0.5, 0.25/0.5,
0.375/0.5,0.5/0.5,0.5/0.375,0.5/0.25,0.5/0.125 and 0.5/0. The remain-
ing dots were stationary. Coherence was defined as ((fraction of dots
movingin PD) - (fraction of dots moving in ND)) x 2. Dots moved at a
velocity of 30° per second and had a maximal luminance value of 250
onabackground withluminance 10, resulting in a Michelson contrast
0f92%. Global TM stimuli had identical parameters for dot size and dot
number, but dots moved coherently in PD or ND in the upper or lower
half of the screen. To ensure that VS cells were stimulated with equal
amounts of PD and ND motion across their receptive fields on average,

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-023-01443-z

we presented two variations of each stimulus in which we switched
the parts of the screen (upper half or lower half) on which PD or ND
motion was shown. The data of these two stimulus variations were then
averaged to calculate membrane potential or conductance changes.
Stimulus duration was 8 s for the calciumimaging experimentsand 5 s
for electrophysiology.

Dot motion stimuli (Fig.1g, k and Extended DataFigs. 2e,jand 6f-i)
were identical to TM stimuli, with the exception that all dots moved
coherently in the same direction over the entire extent of the visual
arena. Dot motion stimuli were used instead of sine-wave gratings to
measure directional tuning curves in T4 cells with the voltage indica-
tor (Fig.1g,k) because T4 cells respond to ON and OFF components of
the grating with the opposite sign®®, which can lead to response
reduction or cancellation when averaging multiple cells. Asacontrol,
we thus ensured that the calcium responses of T4 cells were highly
similar when comparing sine-wave grating and dot motion stimulation
(Extended DataFig. 2d,e).

The stochastic motion stimulus (Fig. 6a-e) consisted of 25 ran-
domly distributed circular windows with sizes of 10°. Inside each
window, a sine-wave grating with 100% contrast and a wavelength of
20°moved at1Hzfor1sinthe PD of the cell type under investigation.
The positions of the circular windows were changed randomly every
second and the stimulus was displayed for 720 s in total. Reverse cor-
relation of the cells’ response traces with the stimulus then yielded
motion-sensitive spatiotemporal receptive fields. The spatial com-
ponents of the receptive fields were fitted with a one-dimensional
Gaussian profile to determine the receptive field sizes in azimuth
and elevation.

The annulus motion stimulus (Fig. 6f-h) consisted of a circular
region with a15° diameter in which a sine-wave grating with full con-
trast and a wavelength of 30° was moving with 1Hz in the PD of the
respective T4/T5 cell population that was imaged. This inner circle
was surrounded by a 5° wide gray region (50% contrast), which again
was surrounded by an annulus with a15° width. In the annulus region,
asecond sine-wave grating with a30° wavelength and full contrast was
movinginone of eight different directions at1 Hztemporal frequency.
The stimulus was centered on the receptive field of a T4/T5 cell by
first selecting an axonal region and then moving the stimulus manu-
ally across the screen until the axon terminal responded maximally.
Both gratings in the center and annulus moved either individually or
simultaneously for3s.

Connectomic analysis

To analyze the Drosophila hemibrain connectomic data, we used
custom-written Python code to query synaptic connections between
anatomically identified neuron reconstructions fromneuprint (http://
neuprint.janelia.org)®. Neuronal types were identified based on arbo-
rizations of cell types in respective lobula plate layers and by visually
matching morphology from EM reconstructions to light microscopy
data (see also the Results section).

Calculation of estimated synaptic conductance ratios
Calculations for estimating the synaptic conductanceratio (Extended
Data Fig. 3b) were done as follows. The steady-state change in post-

synaptic voltage (AV,,,) in response to synaptic input is given by*":

nsyn ngyn X Esyn
AYon = g X o + Bk
syn syn leak
With n,, denoting the number of synapses, g, the conductance
of asingle synapse, £, the synaptic reversal potential relative to the
resting membrane potential (i.e. the synaptic driving force) and gjc.x
the leak conductance. Setting voltage changes caused by inhibitory
and excitatory input equal (AV, = —AV;) allows the expression of the
synaptic conductance ratio (5) as:

e

& Bleak
8e (”ﬁ)x(l‘lixgi—i—jxgleak)
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This gives:
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The parameters used for the calculations were 2 = 8.64 (VS cells),
18.91 (LPi3-4 cells) and 17.59 (LPi4-3 cells) as obtained from the con-
nectomic analysis (Fig. 3h,i), and E. = 40mV and E; = —20 mV based
on the electrophysiological measurements of the synaptic reversal
potentials for cholinergic and glutamatergic synapses*.

Computational modeling of the lobula plate network

The model was updated at a temporal resolution of 10 ms. T4/T5 cell
responses were modeled based onan earlier study™. Briefly, the output
ofamotion detector with three spatially separated inputlines (A, B, C)
was calculated: visual input to lines A and C was low-pass-filtered
with 7=50 ms whereas the input to line B was high-pass-filtered with
7=250 ms. The output of the detector was then calculated according
to (A x B/(C + DC)) withDC = 0.02 followed by rectification.

The first stage of the network was modeled as an array of 30 x 28
T4/T5 elementary motion detectors. The output of this stage con-
verged ontoanarray of 6 x 6 LPi cells. At the final stage, asingle VS cell
integrated input from T4/T5 and LPi cells over the whole spatial extent
of the stimulus. Synaptic inputs to all cell types, with the exception of
VS cells, were integrated linearly. VS cell responses were calculated
with a conductance-based model. Thereversal potentials of excitatory
and inhibitory synapses were —20 mV and +40 mV with respect to the
resting potential. The gains of synaptic connections were as follows:
T4/T5-LPi,1.0; T4/T5-VS,1.0; LPi-VS, 1.0; LPi-LPi, 1.0; and LPi-T4/T5, 0.5.
Synapses were rectified with a threshold at 0. The time constants of
allneurons were set to 20 ms.

Visual stimuli for modeling

Visual stimuli had aspatial extent of 180 x 180 pixels, where each pixel
corresponded to 1° of visual space. Visual stimuli were similar to those
used in the experiments. Sine-wave gratings had a spatial wavelength
of 30° and moved at a temporal frequency of 1 Hz. For TM stimuli,
200 Gaussian-shaped dots (o = 5 pixels) were randomly placed on the
stimulation area. Dots moved at a velocity of 100° per second. Random
placementof dots for TM stimulation resulted inslightly variable model
output. Therefore, simulations were run 300 times and the model
outputs of each run were averaged. This also allowed for a statistical
comparison of responses to different stimuli. The computational
model was implemented in Python v.3.8.8.

Analysis of functional imaging data

Preprocessing of functionalimaging data was performed as described
in an earlier publication®. Image stacks were first automatically reg-
istered using cross-correlation of pixel intensity values to correct for
brain movements in the xy plane. ROIs were then manually selected
based on the average image projected over all time frames. To deter-
mine spatiotemporal receptive fields (Fig. 6a-e), we selected ROls
that corresponded to individual axons for VS cells and single axonal
boutonsfor LPiand T4/T5cells. For all other experiments, we selected
ROIs that corresponded to multiple individual cells because individual
cells or subcellular structures responded similarly to the respective
stimuli. Relative fluorescence changes (AF/F) were obtained by using an
automatic baseline detection algorithm. Raw datawere first smoothed
with a Gaussian filter (full width at half maximum =1s). Minimawithin
al0-s-longsliding window were then extracted and the resulting trace
smoothed with another Gaussian filter. Theresulting dynamic baseline
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wasthen set as F, from whichrelative fluorescence changes were com-
puted according to AF/F = (F - F,)/F,.

Individual stimuliwere presented four to ten times in randomized
order. The average AF/F value 1 s before the stimulus start was used as
thebaseline. Responsesto eachindividual stimulus trial were then aver-
aged. Mean responses were calculated by averaging data points over
the visual stimulation period for voltage imaging. For calciumimaging,
because of the slow dynamics of the calciumindicator, we averaged data
points from the stimulus start to including 1 s after the stimulus end.
Some response traces from the voltage imaging experiments (Fig. 1g
and Extended Data Fig. 5g) and electrophysiology (Fig. 7c—f) were
smoothed with afirst-order Savitzky-Golay filter (windows =250 ms
(voltageimaging), 70 ms (voltage responses for electrophysiology) and
150 ms (conductances for electrophysiology), for display purposes.

Analysis of electrophysiological data

For the electrophysiological data, to account for slow potential drift,
baseline correction was performed by subtracting the average mem-
brane potential calculated over 1s before the stimulus start from the
response trace. Responses to individual stimulus trials were then aver-
aged and mean responses calculated by averaging over the entire
stimulation period. Total conductance changes in response to visual
stimulation were determined by calculating the inverse of the slope of
alinear regression of voltage responses on different holding currents
(ranging from —200 to O pAin steps of 50 pA).

Calculation of response indices
Ly indices were calculated as the length of the normalized response
vector according to:

L _’ 2@
Dir — B |7'(§0)|

where F()is avector with the stimulus direction ¢ as vector angle and
the corresponding neuronal response as vector length. The PD of a
response then corresponded to the angle of this normalized response
vector.

MOIs were calculated as the ratio between the response vector
maghnitude of the depolarizing responses [Rgep| = | _ aep(y| and the
response vector magnitude of the hyperpolarizing responses
Ruyp| = |Z -1 nyp(e| according to:

. R
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R
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R denotes the mean response magnitude to PD or TM stimulation.

To calculate the PDs of suppression for the annulus motion stimu-
lus experiments, we first calculated aresponse suppressionratio, which
was defined as: 1 — —Seeerromu)

Motion-opponent suppression was defined as:

R (center) +R(annulus)
Using this metric, we then calculated anormalized response sup-
pression vector in an equivalent manner as for determining the Ly,
index. The direction of this vector then indicates the PD of suppression.

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes, but our
samplesizes aresimilar to those reported in previous publications'**%.
Data collection and analysis were not performed blind to the condi-
tions of the experiments. However, data acquisition and analysis were
performed identically for all genotypes. Only animals that did not show

any detectable changes in membrane potential or fluorescence were
excluded from the analysis because this is indicative of poor health
after microsurgery. All immunostaining (Fig. 4a-d and Extended
DataFig.4) wererepeated at least three times with similar results.

Statistical analysis

Totest for the normality of datadistributions, we first performed a Sha-
piro-Wilk test followed by a Levene test to assess the equality of vari-
ances. Based onthe outcome of these tests, we then performed either
a Student’s t-test, Welch'’s ¢-test or Mann-Whitney U-test. Statistical
significance for paired data with non-normal distribution was assessed
with a Wilcoxon signed-rank test. Linear correlation was assessed
with a Wald test. To test whether the motion-opponent suppression
was directionally tuned (Fig. 6h), we applied a Rayleigh z-test. Holm’s
post-hoc correction was applied when more than two experimental
groups were compared. NS, P> 0.05;*P<0.05,*P<0.01,**P< 0.001.
Statistical analysis was performed in Pythonv.2.7.15 or Python v.3.8.8
using scipy v.1.6.2, statsmodels v.0.12.2, scikit_posthocs v.0.6.7 and
astropy v.2.0.6 packages. More details on statistical analysis and exact
Pvalues are provided in Supplementary Table 2.

Availability of materials

This study did not generate new unique reagents. The sources of the
experimental animals, reagents and software are listed in Supplemen-
tary Table 3.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data generated in this paper are publicly available at https://
gin.g-node.org/gammer/Ammer_et_al_2023.git (ref. 56). The con-
nectomic data were published by the Janelia Research Campus® and
areavailable at https://neuprint.janelia.org. Source data are provided
with this paper.

Code availability
Allcode used for the analysis is publicly available at https://gin.g-node.
org/gammer/Ammer_et_al_2023.git (ref. 56).
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Extended Data Fig. 4 | Subcellular localization of nAChR«a7 nicotinic acetylcholine receptorsin LPi cells. a-a’, nAChRa7 localizes mainly to lobula plate layer 3in
LPi3-4 cells. b-b’, nAChRa7 localizes predominantly to lobula plate layer 4 in LPi4-3 cells. Scale bars: 10 pm.
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LPi-T4/T5 and LPi-LPi connections were blocked simultaneously. e, Voltage
responses (upper panels) and conductance changes (lower panels) of model

VS cells from the full network model to local transparent motion stimuli (local
TM) with different coherences and to global transparent motion (global TM).

f, Similar to (e) but when blocking inhibitory feedback-connections (‘feedback
block’) in the network model. Datain (a-c) are from a single model run. Dots and
thick linesin (d) representindividual model runs and mean values, respectively.
Datain (e-f) represent mean values from 300 model runs.

Extended Data Fig. 7| Tuning indices, voltage responses and conductance
changes of the network model. a-c, Motion opponency indices (a), direction
selectivity indices (b) and preferred directions (c), in response to sine-wave
grating stimuli for different cell types of the full network model (Ctrl) and

when blocking output from T4/T5c cells (Block, related to Fig. 7a). d, Response
selectivity, as measured by motion-opponent suppression to the local (left) or
global (right) transparent motion stimulus, for the full network model and when
blocking the different motion-opponent levels. ‘Feedback block’ indicates that

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-023-01443-z

[
o

Full model Feedback block Experiment Full model Feedback block Experiment (o Full model Feedback block Experiment
1.0 15 1.0
- Hokk o ns * —_ sokk sk * - ns  — ns . ns
3 1.0 3 1.0 %) S 1.0 3 1.0 %) 3 1.0 3 1.0 %)
5 5 < 5 5 ] = 5 5 =
ﬂJ [
g 8 g g . g g Lo g » 8 4 g
g g 805 ] g 8 g g £ 05
£ o5 £ o5 o S 05 S o5 o £ o5 205 5
=1 3 3 S =1 305 =1 =1 3
° ° 2 ° ° 2 Y ° ° 2
< c o c c o a c c o i
] ] g ] ] S ] ] g
o o Q — - o o Q o o P -
< 0.0 . < 0.0 . 0.0 4 M. < 0.0 < 0.0 0.0 e | <00 <00 0.0
S S S O D O o O O e &
NS NS NN BN RN N BN R BN
& &P & & &P L & & & & L & & & &
S S S S S S
d 4, f
S _ 104 _ 104 _ 104
£ > > >
o E 54 E 54 E s
g Q Q Q
s a a I
a c c c
@ S S 5]
4 Q o a
g o a a
. [} Q Q
£ < 54 € -5- < 54
o ==Full model == Full model ==Full model
—10- === Pi-T4/T5 block ~104 m==|_Pi-LPi block ~10- === Pi-VS block
-— -—
-1 0 1 -1 0 1 -1 0 1
Coherence Coherence Coherence Coherence
0.89 0.8 0.81
— 12.5 1 g,_ —_ —_
B 5 3 3
E 1001 5 0.6 0.6 H
£ 8 I
S 751 € 0.4 € 0.4 <
o £ £ 8
g 5ol g g &
2 g 021 —Full model 2029 = Full model g
o 2.5-4 — 4 == Pi-T4/T5 block v block 4
& Tl model 2 0.0 TP FT4/TS block 2 0.04 a
-1 0 1 -1 0 1

Coherence

Coherence
Extended Data Fig. 8 | Additional results of the lobula plate network model.
a, Conductance changes of network models with (left) or without feedback
connections (middle) and experimentally measured responses (right) for local
(dark grey) and global (dark purple) transparent motion stimuli (same data as
Fig.7g).b, Similar to (a) but comparing sum of local PD + ND (light grey) and

local TM (dark grey), (same data as Fig. 7h). ¢, Similar to (a) but comparing sum of
global PD + ND (light purple) and global TM (dark purple). d, Differential voltage
responses between full network model and model without inhibitory feedback
connections to local transparent motion stimuli with different coherences.

Coherence Coherence

e, Response gain of VS cells from full model (grey) and with feedback connections
blocked (pink) for different motion coherences. f,g, Voltage responses (f) and
conductance changes (g) of VS cells from full network model (grey) or models
inwhich different inhibitory connections (red, LPi-T4/T5 block; orange, LPi-
LPiblock; green, LPi-VS block) were blocked in response to different motion
coherences. Datain (a-c): n =16 VS cells. Response traces: mean responses. Dots:
individual cells or model runs. Bars and error bars: mean + s.e.m. Statistical tests:
two-sided paired Student’s t-tests (model data) and two-sided Wilcoxon signed-
rank tests (experimental data).
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.
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Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed before experiments. Sample sizes were chosen according to standard sample sizes in the field
(e.g., Seelig & Jayaraman, Nature, 2015; Lyu et al., Nature, 2021).

Data exclusions  Data from flies that did not show any detectable calcium or voltage responses to visual stimuli were excluded.
Replication We do not report any findings that could not be replicated or reproduced. All attempts at replication were successful.

Randomization  Experimental animals were randomly chosen from vials in which they were group-housed and were allocated to experimental groups based
on their genotype. All visual stimuli were presented in a randomized manner.

Blinding Experimenters were not blinded to genotypes, which would be impractical. However data collection and analysis was automated and
equivalent for different genotypes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Antibodies

Antibodies used anti-brp (nc82) mouse monoclonal antibody (DSHB) RRID: AB_2314866, myeloma strain: P3X63Ag8.653; anti-GFP chicken polyclonal
antibody (Rockland) Cat# 600-901-215S; anti-DsRed rabbit polyclonal antibody (Takara Bio) RRID: AB_10013483; donkey anti-
chicken-Alexa-488 (Jackson Immuno Research) Cat# 703-545-155; goat anti-rabbit-Alexa-568 (Invitrogen) Cat# A-11011; goat anti-
mouse-Alexa-647 (Invitrogen) Cat# A32728
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Validation All primary antibodies used in this study are widely used in the field of Drosophila neurobiology. Information on validation is available
at the manufacturers website at: https://dshb.biology.uiowa.edu/nc82 for anti-brp; https://www.rockland.com/categories/primary-
antibodies/gfp-antibody-600-901-215/ for anti-GFP and https://www.takarabio.com/documents/Certificate%200f%
20Analysis/632496/632496-101717.pdf for anti-DsRed.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Flies of the species Drosophila melanogaster were used for all experiments. Age ranged between 1 and 7 days.
Wild animals No wild animals were used in this study.
Reporting on sex Due to their larger body size, only female flies were used in this study.

Field-collected samples  No field-collected samples were used in this study.

Ethics oversight No ethical approval is required for research on Drosophila melanogaster in Germany.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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