"\ ANNUAL
f\ ¥ REVIEWS

Annu. Rev. Neurosci. 2023. 46:17-37

The Annual Review of Neuroscience is online at
neuro.annualreviews.org

https://doi.org/10.1146/annurev-neuro-080422-
111929

Copyright © 2023 by the author(s). This work is
licensed under a Creative Commons Attribution 4.0
International License, which permits unrestricted
use, distribution, and reproduction in any medium,

provided the original author and source are credited.

See credit lines of images or other third-party
material in this article for license information.

itevs CONNECT

www.annualreviews.org

* Download figures

* Navigate cited references

* Keyword search

* Explore related articles

* Share via email or social media

Annual Review of Neuroscience

Alexander Borst and Lukas N. Groschner

Max Planck Institute for Biological Intelligence, Martinsried, Germany;
email: alexander.borst@bi.mpg.de, lukas.groschner@bi.mpg.de

Keywords

visual system, motion detection, direction selectivity, neural computation,
multiplicative disinhibition, Drosophila

Abstract

How neurons detect the direction of motion is a prime example of neu-
ral computation: Motion vision is found in the visual systems of virtually
all sighted animals, it is important for survival, and it requires interesting
computations with well-defined linear and nonlinear processing steps—yet
the whole process is of moderate complexity. The genetic methods avail-
able in the fruit fly Drosophiln and the charting of a connectome of its visual
system have led to rapid progress and unprecedented detail in our under-
standing of how neurons compute the direction of motion in this organism.
The picture that emerged incorporates not only the identity, morphology,
and synaptic connectivity of each neuron involved but also its neurotrans-
mitters, its receptors, and their subcellular localization. Together with the
neurons’ membrane potential responses to visual stimulation, this informa-
tion provides the basis for a biophysically realistic model of the circuit that
computes the direction of visual motion.
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MODELS OF MOTION DETECTION

As expressed so aptly by Exner (1894), motion vision is a perception sui generis, a sense of its own.
Indeed, when sitting in an IMAX movie theater confronted with wide-field panoramic flow fields,
the illusion of self-motion is inescapable, even though the vestibular system delivers zero signal.
Wide-field motion is an essential component of the perception of self-motion and necessary for
visual navigation and course control in humans and animals alike. Motion stimuli play an equally
important role when restricted to a small section of visual space, for example, when a predator
(or a car, as its modern-day equivalent) is approaching or a prey is trying to escape from a hunter
(Ache etal. 2019; for a review, see Peek & Card 2016). In both cases, detecting the direction of the
moving object can be critical for the fate of the observer. Not only the survival of the individual
in the short term but also the long-term survival of its lineage often depend on motion vision,
since animals use local motion cues to find potential mates (Hindmarsh Sten et al. 2021, Ribeiro
et al. 2018). But how does the nervous system extract this important information from the visual
scene? A single photoreceptor cannot tell whether something is moving from the left to the right
or the other way around. To detect the direction in which something moves, the signals derived
from at least two adjacent image points have to be compared over time (Borst & Egelhaaf 1989)
(Figure 14). Since motion along one direction elicits sequential signals at neighboring locations,
most models of motion detection propose to delay the signal derived from image point A and mea-
sure its coincidence with the signal from adjacent point B. Depending on the speed, the temporal
overlap will be high for motion from point A to B, the preferred direction, and low for motion
from point B to A, the nonpreferred or null direction. However, a simple summation of the sig-
nals does not measure coincidence since the temporal integrals of the responses are identical for
the two directions. What is needed is a nonlinear combination of the two signals. For example, a
summation followed by a threshold (Sy + Sg) or a multiplication (Sy x Sp) (Figure 14).

The first model that described this idea and proposed a way of how this could be achieved
by the nervous system was published, again, by Exner (1894) (Figure 1b). He envisaged that
signals derived from neighboring image points would spread symmetrically into opposite direc-
tions. Given a constant travel speed of the neural signal, the summation of signals on opposite
sides would then lead to different results, depending on the sequence of events on the retina
(Exner 1894). Half a century later, Hassenstein & Reichardt (Hassenstein & Reichardt 1956,
Reichardt 1961), inspired by their behavioral observations of a tethered beetle walking on a spher-
ical treadmill, proposed their famous correlation-type motion detector, commonly referred to as
the Hassenstein—Reichardt detector in the recent literature (Figure 1¢). Like Exner, they based
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Figure 1

Models of motion detection. (#) A visual motion detector requires at least two input signals (Sa and Sp) from adjacent photoreceptors
(A and B). The signals are differentially delayed by At so that they coincide at the detector only if A is activated prior to B, as is the case
for motion in the preferred direction (rightward) but not for motion in the opposite direction. A nonlinear interaction is required to
detect the coincidence of Sy and Sg. The bottom two rows of graphs show a signal summation (Sa + Sg) followed by a threshold
(horizontal dashed line) and a signal multiplication (Sa x Sg). (4) Early proposal of a motion detection circuit. Panel & reproduced from
Exner (1894) (public domain). (¢) Correlation or Hassenstein-Reichardt detector. Photoreceptor signals from adjacent image points are
differentially filtered in time (F and H) and multiplied (M) in a mirror-symmetrical way. The outputs of the multipliers are subtracted.
Panel ¢ reproduced with permission from Reichardt (1961); copyright 1961, Massachusetts Institute of Technology. All rights reserved.
(d) Preferred direction excitation and null direction inhibition, realized by AND (eft) and AND NOT (right) gates, respectively, as two
alternate mechanisms underlying direction selectivity in the rabbit retina. Panel d reproduced with permission from Barlow & Levick
(1965). (¢) A combination of the two mechanisms within one stage, as proposed by Haag et al. (2016, 2017) and Leong et al. (2016).
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their model on a coincidence detection of signals derived from neighboring image points after
one of them has been delayed with respect to the other. In the Hassenstein—Reichardt detector,
the delay is explicitly created by linear filters, and the coincidence is registered by a multiplication.
The whole process takes place twice in mirror-symmetrical subunits, the output signals of which
are subtracted to form the final local motion detector signal. The mathematical formulation of
this model involves precisely specified operations like multiplication, subtraction, and linear fil-
ters whose time-constants define the signal amplitude and phase delay or advance as a function of
input frequency. Unlike Exner’s proposal, the Hassenstein—Reichardt detector makes no reference
to the nervous system; it describes all operations in a purely algorithmic form. Another important
point is that the output of the detector is fully motion-opponent, meaning that motion in opposite
directions elicits signals that are identical in shape but opposite in sign, that is, positive for mo-
tion along the preferred direction and negative for motion in the null direction. A variant of the
Hassenstein—Reichardt model was proposed by Barlow & Levick (1965) (Figure 1d). Instead of
a multiplication, however, they proposed a gating mechanism by which one signal allows another
one to pass or not. Barlow & Levick thought about two possible implementations: In one case,
very much like the multiplier in the Hassenstein—Reichardt detector, the delayed signal derived
from location A is gating a signal from location B such that motion from A to B is facilitated.
They called this mechanism preferred direction excitation. Alternatively, they proposed a mech-
anism where signal transmission is blocked for motion from B to A. In this case, the delay sits
in the other arm and provides input to an AND NOT (veto) gate, which can be approximated,
arithmetically, by a division. Barlow & Levick called this mechanism null direction inhibition.
Both mechanisms are combined by the three-arm detector model (Figure 1e), proposed by Haag
etal. (2016) and Leong et al. (2016) based on their recordings from fly motion-sensitive neurons.
Here, experimental results could be best described by multiplying the delayed signal (S4) on the
preferred side, that is, where a preferred motion stimulus enters the receptive field of the neuron,
with the non-delayed signal derived from the center (Sg), and dividing it by the delayed signal
(Sc) from the null side, that is, where a stimulus moving in the null direction enters the receptive
field.

As mentioned above, all these models measure the degree of temporal overlap between the
signals from neighboring image locations. As a consequence, their output, while being sensitive
to the direction of image motion, depends on the speed at which the projection of an object is
traveling on the retina. Obviously, given a fixed delay, there is an optimal speed at which the over-
lap is maximal. Motion at any speed that falls short of, or exceeds, this optimum yields an output
signal of lower amplitude. Therefore, such detectors do not act like speedometers with a linear
dependency on image speed but rather with a function that follows an inverted U shape. Fur-
thermore, the output signal changes as a function of image contrast, depending on the exact type
of nonlinearity involved. These and many other, often nonintuitive, predictions derived from the
Hassenstein—Reichardt detector were tested in the fly visual system at the behavioral level (Borst
& Bahde 1986, Buchner 1976, G6tz 1964) and by recordings from large course-control neurons
(lobula plate tangential cells; see below). The animals’ responses to stimuli of varying frequen-
cies and contrasts and even to optical illusions (Clark et al. 2011, Leonhardt et al. 2017, Tuthill
etal. 2011) are in exquisite quantitative agreement with model predictions (for a review, see Borst
2014). This finding has led to the strong belief that the overall structure and operations, as defined
algorithmically by the Hassenstein—Reichardt detector (delay, multiplication, subtraction), must
have their neuronal counterparts in the fly visual system. Further below, we discuss which neu-
ronal elements correspond to what processing stages in the detector model and what biophysical
mechanisms underlie these operations.
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THE FLY VISUAL SYSTEM AND ITS TWO MOTION PATHWAYS

Fruit flies are known to have large compound eyes, built from approximately 750 facets, or om-
matidia, on each side of the head capsule (Figure 24). Each ommatidium contains eight different
photoreceptors (R1-R8) sitting underneath a tiny lens with a diameter of only 16 pm and a focal
length of 20 pm (Stavenga 2003a,b). Photoreceptors house their photopigments in membrane-
rich structures called microvilli, the tips of which are located exactly within the focal plane of the
lens. These tiny dimensions put practically all objects beyond a distance of a few millimeters at
infinity focus, making accommodation superfluous. Within the ommatidium, the outer photore-
ceptors R1-R6 sit in a ring around the inner two photoreceptors R7 and R8, which are stacked on
top of each other. Outer photoreceptors all have a common green-sensitive rhodopsin as a pho-
topigment (Harris et al. 1976, O”Tousa et al. 1985) and form the major input to the motion vision
system (Heisenberg & Buchner 1977, Yamaguchi et al. 2008). Inner photoreceptors R7 and R8
have photopigments with different spectral sensitivities, depending on whether they sitin a pale or
in a yellow ommatidium and subserve color vision, which contributes little to motion processing
(Longden et al. 2021, Wardill et al. 2012). The two classes of ommatidia tile the retina in a mosaic
whose pattern is defined by the stochastic expression of the spineless transcription factor (Wernet
et al. 2006). All photoreceptors have a receptive field of about 5° in diameter at half~-maximum
sensitivity. The optical axes of neighboring ommatidia are separated by an interommatidial an-
gle of approximately 5° as well, resulting in a deplorable spatial resolution (G6tz 1964). Together,
however, they cover almost the entire visual space, allowing for panoramic vision without the need
to move the head or the eyes. Active movements of the retinae might, nonetheless, improve depth
perception through motion parallax, prevent unwanted receptor adaptation, and increase visual
acuity (Fenk et al. 2022).

The fly devotes at least half of its brain—the optic lobes underneath its eyes (Raji & Potter
2021)—exclusively to image processing (Figure 24). The different sections of the optic lobe are
called the lamina, medulla, lobula, and lobula plate. Each neuropil repeats the columnar struc-
ture of the facet eye, giving rise to a highly ordered, almost crystalline, retinotopic structure
(Figure 2b). The retinotopy is evident from the anatomy (Figure 24) as well as from recent
functional experiments, in which tilting the imaging plane of a two-photon microscope provided
a direct glimpse of the retinotopic activity map (Schuetzenberger & Borst 2020). Throughout
the four neuropils, approximately 100 different cell types can be found within each column
(Figure 2¢). This roughly corresponds in complexity to an estimate of the anatomically defined
cell types in the mouse retina (Masland 2012). Inidally, the catalog of cell types was drawn from
samples stained with the Golgi method (Fischbach & Dittrich 1989, Ramén y Cajal & Sanchez
1915, Strausfeld 1971). This catalog was recently extended in large electron-microscopic data sets
provided by the Janelia Research Campus (Takemura et al. 2013, 2017; Shinomiya et al. 2019).
Within the optic lobe, the following general cell classes bear special relevance to the motion de-
tection circuit (Figure 2d): Outer photoreceptors R1-R6 send their axons to the lamina where
they contact large monopolar cells, called L1-L5 (Meinertzhagen & O’Neil 1991). The axons
of lamina monopolar cells cross over in the first optic chiasm (Figure 2¢) and convey the pho-
toreceptor signals to layers 1-5 in the outer medulla. Medulla intrinsic (Mi) neurons connect the
different layers of the medulla with each other. Transmedullary (T'm) neurons establish connec-
tions within the medulla and, in addition, connect specific layers of the medulla to the lobula or to
both the lobula and the lobula plate. Centrifugal (C) neurons make connections in the medulla and
the lamina. The complex tangential (CT) cell 1, despite innervating every single column of both
the medulla and the lobula, contributes exclusively to local signal processing within each column
(Meier & Borst 2019). Of special importance in the present context are the bushy T cells T4 and
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Anatomy of the fly optic lobe. (#) Micrograph of a Drosophila head with a facet eye on either side (/ef?). (Right) Frontal cross section of a
Drosophila brain with a single lobula plate tangential cell stained after a patch-clamp recording (z9p) and horizontal cross section of the
optic lobe stained by Bodian’s method, showing the columnar organization (bottorz). Scale bars: 50 um. Panel # adapted with permission
from Takemura et al. (2008). Photo of the fly head provided by Florian Richter. () Schematic of the optic lobe. In the lobula plate,
three tangential cells are shown. Panel # adapted with permission from Borst & Euler (2011). (¢) Collection of different cell types in the
Drosophila optic lobe. Panel ¢ adapted with permission from Borst et al. (2020). (d) Schematic diagram of the motion vision circuit.
Photoreceptors connect to lamina (L) cells that split signals into an ON and an OFF pathway. Transmedullary (T'm), medulla intrinsic
(Mi), centrifugal (C), and complex tangential (CT) cells relay temporally filtered signals to the dendrites of T4 cells in the medulla and
of T5 cells in the lobula. Different types of T4 and T'5 cells send their axons to one out of four layers of the lobula plate, where they
synapse onto lobula plate intrinsic (LPi) and lobula plate tangential cells (not shown). Some connections and cell types have been
omitted for clarity.
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T5 (see below), which connect the medulla (T4) and the lobula (T'5) to the lobula plate, where
they provide synaptic input to a broad range of small- and wide-field interneurons, including lob-
ula plate tangential cells (Shinomiya et al. 2022). With its large dendrites (Cuntz et al. 2013), each
tangential cell spans some hundreds of columns to receive input from T4 and TS cells in one
of the four layers of the lobula plate. By spatially integrating their input signals, these cells have
large receptive fields (Krapp et al. 1998, Single & Borst 1998). Each tangential cell depolarizes in
response to wide-field visual motion in one direction and hyperpolarizes in response to motion in
the opposite direction (Bishop et al. 1968, Dvorak et al. 1975, Hausen 1976, Joesch et al. 2008).
Their membrane potentials are tuned to specific types of optic flow. Horizontal system cells are
tuned to horizontal motion (three of them are depicted in Figure 25), and vertical system (VS)
cells are tuned to vertical motion. The tangential cells’ response properties broadly meet the cri-
teria for the output of a Hassenstein—Reichardt detector (Egelhaaf et al. 1989, Haag et al. 2004),
with the difference that the motion-opponent signals are not local but integrated over space.

ON and OFF Pathways

As an important characteristic of visual processing, just like in the mammalian retina (Schiller
et al. 1986; for a review, see Borst & Helmstaedter 2015), the luminance signal is split into two
pathways. The ON pathway carries information about luminance increments, whereas the OFF
pathway signals luminance decrements. The costratification of different types of neurons in
specific layers of the medulla and metabolic activity labeling with radioactive 2-deoxyglucose
(Bausenwein & Fischbach 1992, Bausenwein et al. 1992) provided an early hint at the existence
of parallel motion pathways in the fly, but their functional segregation remained a matter of
speculation (Egelhaaf & Borst 1992). Only the ability to target and block specific lamina neurons
genetically resolved this issue. Joesch et al. (2010) found that blocking the output of L1 reduces the
responses of lobula plate tangential cells to moving ON edges, whereas blocking the output of L2
reduces responses to moving OFF edges. Behavioral (Clark et al. 2011) and electrophysiological
studies (Eichner et al. 2011, Joesch et al. 2013) using different sequences of ON and OFF stimuli
at adjacent image points confirmed the existence of two separate motion detectors. They respond
to homotypic ON-ON and OFF-OFF, but not to heterotypic ON-OFF or OFF-ON, contrast
changes at adjacent image points. More recent functional and structural studies demonstrate that
lamina neurons L3 (Shinomiya et al. 2014, Silies et al. 2013) and L4 (Meier et al. 2014, Takemura
et al. 2011, Tuthill et al. 2013) also feed into the OFF pathway. Together, these experiments
suggest that the photoreceptor input is split into two parallel—albeit not symmetrical (Leonhardt
et al. 2016)—streams of information that transmit signals about luminance increments (L.1) and
luminance decrements (L2-14) separately to downstream motion detectors (Figure 2d).

T4 AND T5 CELLS
General Properties

T4 and T'5 cells were first described by Ramén y Cajal & Sanchez (1915) as curious elements that
generate bi-tufted stems (Figure 34). The two cell types differ morphologically in the location of
their dendritic tuft: T4 cells innervate layer 10 of the medulla, whereas T'5 cells innervate layer 1 of
the lobula (Figure 35). T4 and T5 cells each come in four different subtypes per column (marked
by the suffixes a, b, ¢, and d, respectively), the dendrites of which transcend column borders
(Figure 3c,d). The axons of each of the four subtypes terminate in one out of the four layers of the
lobula plate (Fischbach & Dittrich 1989) (Figure 3b,d). Since 2-deoxyglucose labeling indicated
activity in separate layers depending on the direction of visual motion (Buchner et al. 1984), T4 and
T5 cells, with their axonal projection pattern, were early candidates for local elementary motion
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T4 and T5 cells as the primary motion-sensing neurons in the fly visual system. (z) First drawing of T4 and
TS5 cells. Panel # adapted from Ramén y Cajal & Sanchez (1915) (public domain). () Schematic of the four
subtypes of T4 and T'5 cells. Each subtype projects to one of the four layers of the lobula plate. Panel &
adapted with permission from Fischbach & Dittrich (1989). (c,d) A single T4 neuron (green) extends its
dendrite (¢) across multiple medulla columns and sends its axon (d) to one of the four lobula plate layers.
Micrographs in panels ¢ and 4 provided by Jesis Pujol-Marti. (¢) Confocal micrograph of the optic lobe with
T4 and T'5 cells labeled in green. Inset corresponds to image in panel f. Panel e adapted with permission
from Groschner et al. (2022). () Calcium signals in T4/T5 axon terminals reveal four subtypes tuned to the
four cardinal directions (#77ows). The image is colorized according to the stimulus direction that elicits the
strongest response. (g) T4 cells respond preferentially to moving ON edges. (b) T'5 cells respond
preferentially to moving OFF edges. Panels f~/ adapted with permission from Maisak et al. (2013).
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detectors. Their small sizes, however, frustrated initial attempts at electrophysiological recordings
and left their visual response properties unknown for long. This problem was solved by the use of
advanced gene expression systems (Brand & Perrimon 1993, Jenett et al. 2012, Pfeiffer et al. 2008)
to target highly sensitive genetically encoded calcium indicators (Akerboom et al. 2012) specifically
to T4 and T'5 cells. Maisak et al. (2013) were the first to record direction-selective activity from
T4 and T'5 cells using two-photon calcium imaging while stimulating transgenic flies with grat-
ings moving in the four cardinal directions (front-to-back, back-to-front, upward, and downward).
Calcium signals in each of the four lobula plate layers encode a different direction (Figure 3e,f).
Restricted expression of the calcium indicator in either T4 or T'5 cells revealed the distinct contri-
butions of the two cell types. While their response properties are similar with respect to the orien-
tation and the velocity of moving gratings, they differ in their preferred contrast polarity (Maisak
et al. 2013). T4 cells respond selectively to moving ON edges (Figure 3g), whereas T5 cells
respond preferentially to moving OFF edges (Maisak et al. 2013, Fisher et al. 2015) (Figure 35).

To test to what extent T4 and T'5 cells inform postsynaptic lobula plate tangential cells on the
one hand and visually guided behavior on the other, T4 and T5 cells were blocked genetically.
The absence of synaptic transmission from T4 and T5 cells leads to a complete loss of motion
responses in lobula plate tangential cells (Schnell et al. 2012), of the optomotor turning response
of tethered walking flies (Bahl et al. 2013), of walking speed modulation by translational optic
flow (Creamer et al. 2018), and of two types of looming-sensitive behavior: the landing and the
avoidance response (Schilling & Borst 2015). In free flight, the straightness of the flies’ trajectories
is significantly reduced when T4 and T cells are blocked, comparable to that of control flies in
complete darkness (Leonte et al. 2021). When asymmetry in propulsive forces is generated by
unilateral wing clipping, control flies show a remarkable level of compensation, while flies whose
T4 and T'5 cells are blocked exhibit pronounced circling behavior (Leonte et al. 2021). Blocking
T4 cells leads to a selective loss of responses to moving ON edges in the electrical activity of
tangential cells as well as in optomotor behavior. Conversely, blocking T'5 cells leads to a loss
of responses to moving OFF edges in both assays (Maisak et al. 2013). In summary, the selective
defects of flies with a T4 cell block for ON and flies with a T'5 cell block for OFF edges corroborate
the above findings concerning the selective responses of T4 and T'5 cells to edges of different
contrast polarity. The behavioral defects of flies with both T4 and TS cells blocked suggest that
these cells are indeed the primary motion-sensing neurons of the fly visual system, providing the
major—if not the exclusive—directional inputs to downstream circuits and visual motion-driven
behaviors. As tested so far, all information about the direction of visual motion seems to be lost
when the collective output of T4 and T'5 cells is blocked.

Input Organization

Volumetric electron microscopy of the Drosophila optic lobe provided two important insights
(Takemura et al. 2017, Shinomiya et al. 2019): First, each of the four subtypes of T4 and T’5
cells has a characteristic orientation of its dendrite within the respective retinotopically arranged
neuropil (medulla for T4 cells and lobula for TS cells). This orientation is such that the den-
drite points with its extremely thin tips of less than 100 nm in diameter against the direction
from which a stimulus moving along the cell’s preferred direction would enter the cell’s receptive
field (Figure 44). Second, on their dendrites, all subtypes of one cell type receive input from the
same presynaptic partners but in a subtype-specific spatial arrangement (Figure 45). Within the
retinotopic coordinate system of the medulla, a cell of subtype T4a, sensitive to rightward motion,
receives Mi9 input in the left column, Mil and Tm3 inputin the central column, and Mi4, C3, and
CT1 input in the right column. The corresponding member of subtype T4b, sensitive to leftward
motion, receives Mi9 input in the right column, Mil and Tm3 input in the central column, and
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T4 cell dendrites are polarized according to their preferred direction. (#) Anatomical polarization. Electron microscopic
reconstructions of the four T4 subtypes are shown (Shinomiya et al. 2019). Within the retinotopic map of the optic lobes, the tips of the
dendrites are directed against the preferred direction (a770w) of each subtype. (b)) Synaptic input polarization. T4 dendrites receive input
from glutamatergic Mi9 in the column where they extend their tips, from cholinergic Mil and Tm3 in the central column, and from
GABAergic Mi4, C3, and CT1 in the column where they enter, that is, the base of their dendrite. Panels # and 4 adapted from
Shinomiya et al. (2019) (CC BY 4.0). (¢) Transmitter receptor distribution. Across all subtypes, the glutamate-gated chloride channel
GluClo is found primarily at the dendritic tips, the nicotinic acetylcholine receptor nAChRa7 is found at the center, and the GABA
receptor Rdl is found at the base of the dendrite. Data for panel ¢ from Fendl et al. (2020). Abbreviations: C, centrifugal; CT, complex
tangential; GABA, y-aminobutyric acid; GluCla, glutamate-gated chloride channel a; Mi, medulla intrinsic; nAChRa7, nicotinic
acetylcholine receptor a7, Rdl, resistant to dieldrin; Tm, transmedullary.
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Mi4, C3, and CT1 input in the left column. The same is true for subtypes T4c and T4d, just with
respect to the upper and lower columns.

Immunohistochemical studies (Pankova & Borst 2017, Richter et al. 2018, Takemura et al.
2017) identified the transmitter phenotype of each input neuron, which has important implica-
tions for the functional interpretation of this input organization. Together with single-cell RNA
sequencing (Davis et al. 2020), these studies revealed that Mi9 uses glutamate, Mil and Tm3
use acetylcholine, and Mi4, C3, and CT1 use y-aminobutyric acid (GABA) as their respective
transmitters. To understand the effect of a transmitter on the postsynaptic neuron, the respective
receptor is of decisive importance. Single-cell and bulk RNA sequencing in T4 cells showed
high expression levels of the glutamate-gated chloride channel GluCla and several subunits of
nicotinic acetylcholine and GABA, receptors (Davis et al. 2020, Hérmann et al. 2020, Pankova
& Borst 2016). Using a novel method for the conditional tagging of endogenous proteins,
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Fendl et al. (2020) visualized the spatial distribution of the corresponding neurotransmitter
receptors on single T4 cell dendrites. They found GluCla channels at the distal tips of the T4
dendrite, nicotinic acetylcholine receptors at the center, and GABA, receptors at the base of the
dendrite (Figure 4c¢). This spatial distribution quantitatively matches that of the synapses formed
by Mi9 cells at the tips, by Mil and Tm3 at the center, and by Mi4, C3, and CT1 cells at the base
(Shinomiya et al. 2019, Takemura et al. 2017).

TS5 cells show similar wiring specificity. Adhering to the columnar boundaries of the lobula,
a T'5 dendrite samples from Tm9 cells in the distal column, from Tm1, Tm2, and Tm4 cells in
the central column, and from CT'1 in the proximal column. In contrast to the diverse neurotrans-
mitters released by the presynaptic partners of T4 cells, the inputs to TS5 dendrites are almost
exclusively cholinergic. CT1 is the only GABAergic exception (Shinomiya et al. 2014, 2019).

Besides its functional implications (see below), the input organization outlined above poses a
most interesting problem for the development of T4 and T'5 cells, which originate from common
progenitors through a subtype-specific combination of transcription factors (Apitz & Salecker
2018, Pinto-Teixeira et al. 2018): How can a T4 cell know from which input neuron to sample
depending on the exact column it extends its dendrite into and on the exact subtype it represents?
Or seen from the perspective of a presynaptic columnar neuron, how can this cell, confronted with
the dendrites of 12 different T4 cells (tips, center, and base from all four subtypes), decide which
cell to contact and which to avoid? This problem cannot be solved by subtype-specific receptor
expression, since all subtypes receive input from precisely the same set of medulla neurons. One
idea comes from the observation that the spatial connectivity pattern of all subtypes with respect to
their cell-intrinsic coordinates is identical. All T4 subtypes reveal the same pattern of connectivity
with Mi9 cells at the tips, with Mil and Tm3 at the center, and with Mi4, C3, and CT'1 cells
at the base of the dendrite. Then, the decisive factor in development that distinguishes subtype
T4a from subtype T4b, and so on, is the spatial orientation of the dendrite. In support of this
hypothesis, Hormann et al. (2020) and Kurmangaliyev et al. (2019) found the transcription factor
grain to be expressed only in subtypes T4b and T4c, that is, in T4 cells tuned to back-to-front and
upward motion, respectively. Overexpression of gruin in all T4 cells resulted in a T4 population
consisting only of subtypes T4b and T4c, including the correct dendrite orientation and functional
properties. The opposite was found in grain knock-down experiments, where the transcription
factor was removed from all subtypes, resulting in subtypes T4a and T4d only (Hérmann et al.
2020). These experiments suggest that dendrite orientation is the decisive step in development
that distinguishes the different subtypes from each other. Once this is accomplished, connectivity
follows for all subtypes according to the same rules.

Biophysical Mechanisms of Direction Selectivity

The clear tripartite organization of presynaptic neurons and postsynaptic receptors on T4 den-
drites (Figures 4b,c and 54) provides a hint at how the proposed three-arm motion detector (Haag
etal. 2016, Leong et al. 2016) (Figure 1e) might take biological form. But to turn the algorithmic
formalism into a biophysically plausible model of how T4 and T'5 cells compute, it is necessary
to consider not just their direction-selective output but also their nondirectional input signals.
Genetic access to the input elements allowed for the cataloging of spatial and temporal response
properties of the medullary input neurons and provided three important insights: First, in the
stream of visual information, differential ON and OFF responses to different contrast polarities
first appear in the medulla (Behnia et al. 2014, Meier et al. 2014, Strother et al. 2014). Second, most
medullary neurons adjust their sensitivity to the prevailing image contrast to guarantee adequate
signal amplitudes over a wide range of contrast values (Drews et al. 2020, Matulis et al. 2020).
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And third, in agreement with the Hassenstein—Reichardt model, medullary neurons constitute a
temporal filter bank that supplies both T4 and T'5 cells with a repertoire of differentially filtered
input signals (Arenz et al. 2017, Serbe et al. 2016, Strother et al. 2017, Yang et al. 2016).

In the OFF pathway, Tm9 neurons, which form synapses at the tips of T'5 dendrites, have
much longer response time constants compared to those of Tml, Tm2, and Tm4 in the neigh-
boring column (Serbe et al. 2016). Consequently, an enhancement of responses to motion in the
preferred direction could arise from a supralinear interaction between the excitatory synapses in
the two columns (Leong et al. 2016, Haag et al. 2017). Responses to motion in the null direction
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Figure 5 (Figure appears on preceding page)

Multiplicative disinhibition in T4 cells. (#) The angle ¢ between the optical axes of two adjacent ommatidia
amounts to approximately 5° in Drosophila. (b) Spatial organization of T4 input neurons with respect to the
hexagonal retinotopic grid. A T4 cell receives input from Mi9 in the left column (ye/low), from Tm3 and Mil
in the central column (blue), and from Mi4 and C3 in the right column (#agenta). Heatmaps show the
average spatial receptive fields of the input cells determined by reverse correlation of changes in membrane
potential and local luminance in a white-noise stimulus. Note the negative correlation for Mi9.

(¢,d) Temporal sequence of input signals (top), T4 membrane potential (so/id line, bottom), and T4 input
resistance (dashed line, bottom) in response to an ON edge moving in the preferred () or in the null

(d) direction of the T4 cell. (¢) T4 input resistance as a function of membrane potential and time for data in
panel ¢. (f) Directional tuning curves of T4 neurons with (dark gray) and without (teal) the inhibitory
glutamate receptor GluCla. Panels /—f adapted from Groschner et al. (2022). Abbreviations: C, centrifugal;
GluCla, glutamate-gated chloride channel o; Mi, medulla intrinsic; Tm, transmedullary.

are suppressed through spatially offset inhibition (Gruntman et al. 2019), whose likely source is
the amacrine cell CT1 that forms synapses at the base of the T'5 dendrite (Meier & Borst 2019,
Shinomiya et al. 2019).

In the ON pathway, the correspondence between the circuit architecture and the three-arm
model is even more clear-cut. The signals of Mil and Tm3 in the central arm are fast; those of the
main flanking neurons, Mi9 and Mi4, are slow (Arenz et al. 2017). The GABAergic neurons Mi4,
C3, and CT1 likely account for the suppression of T4 responses to motion in the null direction
(Gruntman et al. 2018). The glutamatergic neuron Mi9 stands out due to the polarity of its re-
sponse. While the signals of all other T4 input elements are positively correlated with changes in
luminance—as expected from cells in the ON pathway—those of Mi9 neurons are anticorrelated
(Arenz et al. 2017, Strother et al. 2017) (Figure 5b4). Mi9 neurons act on T4 cells through the
inhibitory glutamate receptor GluCla (Cully et al. 1996, Davis et al. 2020, Liu & Wilson 2013,
Pankova & Borst 2016), which suggests a twofold sign inversion: the release from inhibition upon
luminance increment. This hypothesis posits Mi9 as the source of continuous shunting inhibition
(Borst 2018). During ON-edge motion in the preferred direction of a T4 cell, when the receptive
field of Mi9 is stimulated by light, slow disinhibition is predicted to coincide with fast excitation
from the adjacent column and amplify the response multiplicatively (Borst 2018, Koch & Poggio
1992). A stimulus moving in the null direction would first set off a slow inhibitory signal from
Mi4 and C3 neurons that cancels out the subsequent excitation. This model and variants thereof
reproduced many aspects of T4 cell activity (Badwan et al. 2019, Borst 2018, Zavatone-Veth et al.
2020) but lacked a firm experimental basis until recently.

Multiplicative Disinhibition

The renaissance of whole-cell patch-clamp recordings from small neurons in the optic lobe of
Drosophila (Behnia et al. 2014, Gruntman et al. 2018) prompted a thorough electrophysiological
investigation of the above model (Groschner etal. 2022). Membrane potential measurements from
postsynaptic T4 cells and from their presynaptic partners revealed the well-orchestrated temporal
sequence of input signals as it unfolds during motion in the preferred (Figure 5¢) and in the null
direction of the T4 cell (Figure 5d). In the latter case, the slow flanking inputs cover the central
excitatory input in a seamless blanket of inhibition. During motion in the preferred direction,
however, excitation coincides with a transient release from inhibition that amplifies the response
multiplicatively through an increase in postsynaptic resistance (Borst 2018, Groschner et al. 2022,
Koch & Poggio 1992). The input resistance of the T4 cell changes along a circular trajectory as a
function of the membrane potential (Figure Se), where the peak in resistance precedes the peak
in membrane potential. This dynamic depends on the direction of visual motion as well as on the
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presence of GluCla (Groschner et al. 2022). In the absence of the glutamate receptor, that is, in
the absence of input from Mi9, T4 neurons are trapped in a state of high excitability and respond
strongly to visual motion not just in one direction but in many (Figure 5f). Elegant and simple as
this passive disinhibitory mechanism might be, there are in all likelihood additional nonlinearities
that shape the responses of T4 cells. A nonlinear voltage-to-calcium transformation, for example,
further sharpens the directional tuning curve of T4 and T'5 cells (Mishra et al. 2022, Wienecke
etal. 2018).

MOTION OPPONENCY BY LOBULA PLATE INTRINSIC CELLS

The depolarization of a lobula plate tangential cell in response to visual motion in their preferred
direction is readily explained by cholinergic excitation from those T4/T5 cells, which project
to the same lobula plate layer as the tangential cell’s dendrite. The hyperpolarizing response to
motion in the null direction, however, entails a sign inversion, which could come from a sec-
ond, inhibitory population of elementary motion detectors. Two pieces of evidence speak against
this possibility: First, blocking the synaptic output of T4/T5 cells abolishes all tangential cell re-
sponses, regardless of their polarity (Schnell et al. 2012). Second, optogenetic activation of T4/T'5
cells evokes a biphasic postsynaptic potential in tangential cells, which consists of a fast excita-
tory and a slow inhibitory component (Mauss et al. 2014). These findings suggest, in addition
to the direct excitation, an inhibitory feedforward connection between T4/T'5 cells and tangen-
tial cells of opposite preferred direction. The juxtaposition of lobula plate layers with opposite
directional preferences (Figure 3f) implies that such an inhibitory element needs to innervate
two adjacent layers (Mauss et al. 2014). Bistratified neurons that fit this description were discov-
ered by Mauss et al. (2015) and dubbed lobula plate intrinsic (LPi) interneurons. Collectively,
they tile the retinotopic map of the lobula plate (Figure 64), where they overlap with the ex-
tensive dendrites of tangential cells (Figure 65). Each LPi cell ramifies within two out of the
four layers defined by the axon terminals of T4/T5 cells but shows presynaptic specializations
in only one of them (Figure 6c). Optogenetic stimulation of LPi3—4 cells (with presynapses in
layer 4) causes a fast inhibitory postsynaptic potential in VS cells of layer 4 that scales with stim-
ulus intensity (Figure 6d). Calcium imaging experiments revealed that LPi cells are directionally
selective and share their preferred direction with those T4/T5 cells that terminate in their post-
synaptic layer (Figure 6e). Silencing LPi cells prevents the hyperpolarizing response of tangential
cells during null-direction motion but leaves their depolarizing response to preferred-direction
motion unaffected (Figure 6f). The experiments described above demonstrate that LPi cells
receive excitation from T4/T'5 cells in one layer and forward an inhibitory signal to the neighbor-
ing, oppositely tuned layer. It follows that downstream tangential cells receive two types of local
direction-selective input: direct excitation from T4 and T5 cells in their jointly innervated lobula
plate layer and indirect inhibition from LPi cells activated by T4/T'5 terminals in the neighboring
layer. The latter is mediated, again, by the expression of GluCla (Mauss et al. 2015, Richter et al.
2018).

Looking back onto the original Hassenstein—Reichardt model, its neural implementation
seems more parsimonious and differs in the following way: First, the subtraction occurs on the
dendrites simultaneously with spatial integration of directional motion information (Borst &
Egelhaaf 1990, Egelhaaf et al. 1989). Second, instead of repeating the computation of a certain
direction for its use as an inhibitory signal, this computation is done only once and subsequently
converted into an inhibitory signal in the adjacent lobula plate layer via LPi neurons (Mauss et al.
2015). What might be the functional relevance of this subtractive processing stage? Originally, the
subtraction of opponent subunits was thought to improve the rather low direction selectivity of a
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Figure 6

Lobula plate intrinsic (LPi) neurons create motion opponency in lobula plate tangential cells. (#) Multicolor flip-out showing several
individual LPi neurons tiling the lobula plate in retinotopic space. Micrograph provided by Aljoscha Nern. (5) Frontal view of the
lobula plate with a fluorescently labeled vertical system (VS) cell (green). (c, left) Horizontal cross section of the lobula plate, with T4/T'5
cells expressing green fluorescent protein (GFP) (green) and presynaptic synaptotagmin-HA (red) in the axon terminals of the four
layers. (Middle) LPi3—4 neurons expressing GFP (green) and presynaptic synaptotagmin-HA (red). Neurons ramify in layers 3 and 4 but
have presynaptic specializations restricted to layer 4 only. (Right) A VS cell with downward direction selectivity extends its dendrite to
layer 4. (d) VS cells in layer 4 hyperpolarize in response to optogenetic activation (2 ms, dashed line) of LPi3—4 neurons with different
light intensities (grayscale). () Two-photon calcium imaging revealed that LPi3—4 neurons respond preferentially to upward motion, as
do T4c and T'5c cells terminating in layer 3. (f) Visually evoked membrane potential responses of VS cells with and without input from
LPi neurons. Blocking LPi cells by LPi3-4-specific expression of the transcription factor GAL4 in combination with a tetanus toxin
light-chain transgene under control of the upstream activating sequence (UAS) leaves the depolarizing preferred-direction response of
a VS cell unaffected (left, red) but abolishes its hyperpolarizing null-direction response (right, red). In flies that carry either of the
transgenes in isolation, VS cells exhibit fully motion-opponent responses (GAL4 control, black; UAS control, gray). Panels b—f adapted
with permission from Mauss et al. (2015).

single subunit of the Hassenstein—Reichardt detector (Borst & Egelhaaf 1990, Single et al. 1997).
In the fly, however, this seems unnecessary since T4/T5 cells already deliver a narrowly tuned
direction-selective signal (Haag et al. 2016, Maisak et al. 2013). Due to their large receptive fields,
lobula plate tangential cells are well suited to detect optic flow arising from self-motion (Krapp
& Hengstenberg 1996, Krapp et al. 2001). Depending on the maneuver, flow fields may be unidi-
rectional, as experienced during rotation about the left-right body axis, or they may be dominated
by expansion, as occurring during forward translation. Recordings from VS cells show that they
are predominantly depolarized by unidirectional (downward) and not by expanding flow fields.
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Genetically silencing the LPi cells strongly impairs this selectivity: Tangential cells now respond
unselectively to a motion noise and expansion flow field (Mauss et al. 2015). Under normal condi-
tions, the tangential cells’ reduced responses to such stimuli are explained by response cancelation
of opponent inputs impinging on different parts of the dendrite. Motion-opponent subtraction
therefore seems essential for flow-field selectivity in wide-field motion-sensitive neurons.

REMAINING QUESTIONS

The past decade has seen enormous progress in our understanding of the motion vision circuitry
in the fruit fly Drosophila. Given that only 13 years ago ON and OFF channels were unknown
in flies and T4/T5 cell function was only the subject of speculation, the present picture is much
clearer and contains rich detail concerning the cells involved, their connectivity, and their re-
sponse properties. The neurobiological implementations of the three main processing steps of the
Hassenstein—Reichardt detector (temporal filtering, multiplication, and subtraction) have been
identified, at least in the ON motion pathway. Nonetheless, we are still missing answers to a
number of important questions.

One question concerns the biophysical mechanism underlying preferred direction enhance-
ment in T5 cells. Unlike T4 cells, T'5 cells receive almost exclusive cholinergic input from Tm9
on the preferred side of their dendrite and from Tm1, Tm2, and Tm4 in the central part. A single
inhibitory input is provided from the wide-field amacrine cell CT1 on the null side. With all input
neurons having OFF center receptive fields (Kohn et al. 2021, Meier & Borst 2019, Serbe et al.
2016), a disinhibitory mechanism like the one described for T4 cells (Groschner et al. 2022) can
be ruled out. Further experiments are needed to reveal the mechanism by which the slow signals
of Tm9 can amplify the subsequent fast excitation a T'5 cell receives from Tm1, Tm2, and Tm4.

Another unanswered question is that of how two neurons of virtually identical morphology
(Shinomiya et al. 2019) can transmit signals with vastly different temporal dynamics (Arenz et al.
2017, Serbe et al. 2016). In other words, what makes a neuron a low-pass or a band-pass filter? The
differential expression of ion channels, while doubtlessly important (Gonzalez-Suarez et al. 2022),
seems to account only partially for the temporal filter properties of medullary neurons. Recurrent
connections within the medulla or synaptic mechanisms might contribute to delaying the signal
of one neuron relative to that of its neighbor as well.

An even broader question concerns the seemingly redundant inputs to T4 and T'5 cells. Con-
nectomic analyses identified more presynaptic partners of T4 and T'S cells than actually needed,
given the general computational structure of the three-arm detector. Instead of three input cells,
both T4 and T'5 cells receive synaptic input from seven different cells, including T4 and T'5 cells
of the same preferred direction. What is the specific function of each of these inputs? In the case of
Mil and Tm3, both providing excitatory input to the center part of the T4 dendrite, this question
has been answered by demonstrating that these inputs are specialized with respect to different
velocity regimes (Ammer et al. 2015). This conclusion has been reached after blocking each input
selectively and probing the deficit in the edge response of tangential cells at various velocities.
However, the interpretation of such blocking experiments is complicated by the fact that each of
the input neurons, in addition to its synapses onto T4 or T'5 cells, also connects to other input
neurons, either directly or indirectly (Shinomiya et al. 2019). These network interactions change
the response characteristics of the other inputs onto T4 and T5 cells as well, making clear con-
clusions concerning the specific impact of the blocked input neuron for the T4 or TS5 response
difficult. What is needed here is a method that blocks the specific synapses from the input neuron
onto T4 and T5 cells without affecting all the other output synapses of this cell. While such a
method is not available at present, we can confine blocking experiments to the situation where
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one input neuron uses a certain neurotransmitter exclusively and knock down the respective re-
ceptor in the postsynaptic T4 cell, like GluCla for Mi9 input to T4 cells (Groschner et al. 2022),
or resort to computer simulations.
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