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With its regular, almost crystal-like structure, the fly optic lobe
represents a particularly beautiful piece of nervous system,
which consequently has attracted the attention of many
researchers over the years. While the anatomy of the various
cell types had been known from Golgi studies for long, their
visual response properties could only recently be revealed
thanks to the advent of cell-specific driver lines and genetically
encoded indicators of neural activity. Furthermore, dense EM
reconstruction of several columns of the fly optic lobe now
provides information about the synaptic connections between
the different cell types, and RNA sequencing sheds light on the
transmitter systems and ionic conductances used for
communication between them. Together with the molecular
tools allowing for blocking and activating individual, genetically
targeted cell types, the fly optic lobe can soon be one of the
best-understood visual neuropils in neuroscience. In this
review, we summarize what we have learned so far, and
discuss the major difficulties that keep us from a complete
understanding of visual processing in the fly optic lobe.
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Introduction

Flies are known for their big facet eyes and use vision as
their most prominent sensory system. Looking inside their
head capsule, two large neuropils are found, one on each
side, flanking the central brain. These are called the ‘optic
lobes” (Figure 1a, b) which, in the fruit fly Drosophila
melanogaster, contain about 70 000 neurons each. The optic
lobe consists of four parts: the lamina, located most distally,
receiving input from the outer photoreceptors R1-6; the
medulla, where the axons of the two inner photoreceptors
R7/R8 as well as those of the lamina neurons terminate; and
the lobula and the lobula plate, which are both rotated
against the medulla by 90° around the vertical body axis and
receive input from the medulla in parallel (for review, see

Ref. [1]). All neuropil layers of the fly optic lobe are built
from repetitive columns, with each column corresponding
toone facet. The columns are arranged in a retinotopic way,
representing a spatial map of the fly’s field of view. In
contrast to humans, this view is panoramic, but at a com-
paratively low spatial resolution of only about 5° of visual
angle. The acceptance angle of an individual photoreceptor
is in about the same range, filtering out higher spatial
frequencies that, otherwise, would cause spatial aliasing
(for review, see Ref. [2]).

The study of the neural circuitry in the fly goes back to
Ramon y Cajal. In his monograph, the first drawings of
individual neurons of the horse fly (Tabanus bovinus) optic
lobe can be found, stained with the Golgi method [3].
Continued in the second half of the last century, Strausfeld
[4] and Fischbach [5] provided a rather complete Golgi
catalogue of all the different cell types in the fly optic lobe
(Figure 1c). This catalogue comprises about 100 different
cell types, each of which is found once per column. Inter-
estingly, this roughly corresponds in complexity with an
estimate of anatomically defined cell types found in the
mouse retina [6]. Looking at the Golgi gestalt of visual
interneurons in different groups of flies, Buschbeck and
Strausfeld [7] found an astonishing degree of similarity
between them: despite being separated for 200-300 million
years in evolution [8], horse flies, hover flies, robber flies,
long-legged flies, tsetse flies, blow flies and their likes all
contain a set of neurons which, despite some species-
specific variations, reveal a similar arborization pattern
and stratification specificity in their dendritic and axonal
branching depth within the neuropil layers of the optic
lobe. This points to an important functional relevance of
this highly conserved cell type diversity.

One particular group of evolutionarily conserved neurons,
the bushy T cells (T4 and T'5), have been in the focus of
researchers for decades [9-14]. T4 and 'T'5 cells have their
dendritic branches in the proximal medulla (T4) and
lobula ('T5), respectively, both sending axonal processes
to the lobula plate (Figure 1d). T4 and 'T'5 cells represent
the primary motion-sensitive neurons along the visual
processing cascade [15,16]. Both T4 and TS exist in four
subtypes, cach tuned to one of the four cardinal direc-
tions, sending their axons into one of the four layers of the
lobula plate (front-to-back: layer 1; back-to-front: layer 2;
upwards: layer 3; downwards: layer 4) [15]. The direction
of motion is computed independently within each path-
way [17-19]. While T4 cells respond selectively to the
motion of bright edges, T'5 cells respond only to dark
moving edges [15]. This parallels the circuit design in the
vertebrate retina [20], where visual signals are split into an
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Anatomy of the fly optic lobe. (a) Horizontal cross section of a reduced silver stain, showing the columnar organization of the retina (R), lamina (L),
external chiasm (EC), medulla (M), internal chiasm (IC), lobula (Lo) and lobula plate (Lp). Scale bar = 50 um. Reproduced, with permission, from
Ref. [22]. (b) Schematic illustration of the optic lobe, together with reconstruction of the three representatives of lobula plate tangential cells
(Horizontal System or HS cells) (modified from Ref. [66]). (c) Collection of all the different columnar cell types found in the Drosophila optic lobe
(after [5]). (d) Individual cell types involved in the extraction of local motion information (after [5]).

ON and an OFF pathway too (for a comparative review,
see Ref. [21]). Together, T4 and T'5 constitute a complete
functional map encoding for all four cardinal directions of
motion at each position of the visual field [15]. Thanks to
dense electron microscopic reconstruction of the fruit fly
optic lobe, all their presynaptic neurons are now

identified, including their input from lamina neurons
[22-26,27°°], and most of these neurons have meanwhile
also been characterized physiologically (e.g. [28°,29°°]).
Focusing mostly on this subset of neurons (Figure 1d), we
will describe the neuronal computations performed by
the network.
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Linear and non-linear processing in columnar
units

A first step toward understanding feature extraction in a
neural network is to investigate the response character-
istics of single units inside the circuit. In each column of
the fly visual system, the stream of information coming
from the same point in visual space is multiplexed into
several parallel channels given by the different columnar
cell types. What is the functional significance of this
parallel processing?

Classical work in large flies has characterized signal
processing in photoreceptors and lamina monopolar cells
in great detail by means of sharp electrode recordings
[30-33]. Together, the retina and the lamina serve as a
pre-processing stage which converts the naturally occur-
ring light intensities in the visual scene into a represen-
tation of local contrast. Under natural conditions, visual
input signals vary over several orders of magnitude in
light intensity. Photoreceptors in the retina scale these
incoming signals approximately logarithmically to fit
them onto the limited dynamic range of neurons. LLamina
monopolar cells then subtract the background signal
through a combination of spatial and temporal inhibition.
Together, these mechanism compute in effect the rela-
tive luminance difference, that is, the local contrast,
across the scene. This first signal transformation has
been shown to be advantageous for further visual proces-
sing, and the resulting response properties of lamina
monopolar cells can be well explained within theoretical
frameworks such as predictive coding and information
maximization [34,35].

In the medulla, the circuit then splits into an ON-path-
way, which is served by L1 cells and converges onto the
dendrites of T4 cells, and an OFF-pathway, fed by L2
cells and converges onto the dendrites of TS5 cells
(Figure 2a) [17,27°°]. L3 gives input to both pathways
[24]. Over the recent years, new and powerful tools for
functional imaging in Drosophila have complemented
electrophysiology and this combination has brought
unprecedented insight into signal processing in the
medulla [36-48]. One way to characterize the function
of a neuron is using linear filter theory by extracting its
linear spatiotemporal receptive field. Receptive fields can
be obtained by calculating the ‘reverse correlation
function’ or the ‘spike-triggered average’ of a neuron’s
response to a stochastic stimulus, such as random pixels or
bar noise (Figure 2b) [49,50]. Spatiotemporal receptive
fields can be interpreted as the filter operation imple-
mented by a neuron, or alternatively as a representation of
their preferred stimulus, in both space and time.

In Drosophila, spatiotemporal receptive fields have been
determined for most columnar cell types in the motion
vision circuitry (Figure 2c—e; [28%,29°°]) using calcium
indicators [51] expressed by cell-type specific Gal4-driver

lines [52,53] (for review see Refs. [1,54]). As anticipated
from anatomy, all neurons possess local receptive fields
(Figure 2c—e, first row). In the lamina, all neurons prefer
OFF-stimuli except for L5. In the medulla, the receptive
field polarity matches the classification into ON-pathway or
OFF-pathway elements, except for Mi9 which has
OFF-polarity but belongs to the ON-pathway. Further-
more, most receptive fields have antagonistic surrounds of
varying strength. Interestingly, 1.3, Mi4, Mi9, and Tm9
show stronger surround inhibition than the other cell types.

The time axis of the spatiotemporal receptive field reveals
the impulse response of a neuron, which can be used to
reconstruct corresponding step responses (Figure 2c—e,
second row). While most neurons respond transiently to
an ON-step, with the sign of the response matching the
polarity, 1.3, Mi4, Mi9, and Tm9 cells are tonic and keep a
sustained response level upon stimulus presentation. Inter-
estingly, these are exactly the cell types with a strong
antagonistic surround in their spatial receptive fields.
Hence, strong spatial antagonism implies weak temporal
inhibition in this circuitry. It will be interesting to investi-
gate whether there is a deeper rationale behind this obser-
vation, for example by applying theoretical frameworks
based on the efficient coding hypothesis as was done for
lamina monopolar cells [34,35].

In general, functional descriptions of these cell types
using other methods or stimuli agre e qualitatively with
the linear receptive fields presented here (e.g.
[37,38,42,44]; but see Ref. [55]). A caveat, however, is
that they provide nothing but a linear approximation to
the complex function implemented by real biological
neurons. Non-linear properties, such as response adapta-
tion or saturation, are not captured by linear receptive
field mapping. A recent study now reported evidence for a
non-linear mechanism called ‘contrast normalization’
which emerges at the level of the medulla [29°°]. The
stimulus was divided into a foreground window, covering
the linear spatial receptive field, and a background area
surrounding it (Figure 2b, top). Modulating the contrast
in both areas independently from each other, the authors
measured the contrast sensitivity in the foreground as a
function of background contrast. In lamina neurons,
responses depend solely on the contrast of the foreground
window (Figure 2c, third row). Non-linearities here were
well explained by a static output saturation. In contrast,
transient medulla cells (Mil, Tm1, Tm2, Tm3, Tm4, as
well as postsynaptic T4 and TS5 cells) dynamically adapt
their responses to the background contrast: increasing
background contrast reduces the contrast sensitivity of
the cell within its receptive field, which is reflected in a
shift of the input—output function towards higher input
contrasts (Figure 2d, e, third row). This phenomenon
shows striking parallels to ‘divisive normalization’, a
widespread circuit mechanism in the vertebrate visual
system that appears to be of general computational
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Linear and non-linear processing in columnar neurons. (a) Schematic of the motion circuit including all columnar neurons presynaptic of T4 and
T5, which have been characterized physiologically in Refs. [28°,29°°]. ON-pathway neurons are shown in red, OFF-pathway neurons in blue, lamina
neurons in green. (b) Top: lllustration of the experimental method used in this figure [29°°]. Linear receptive fields were obtained by reverse
correlation from calcium responses to stochastic stimuli in tethered fruit flies. Contrast tunings were measured by placing custom stimuli on the
receptive field centers of individual cells. Middle: 1D-projection of the Tm2 receptive field, obtained by reverse correlation from a 1D-stochastic
stimulus (replotted from Ref. [28°]). Bottom: lllustration of the stimulus protocol for mapping of non-linear contrast processing properties. A drifting
grating was shown in a local foreground window around the receptive field center with foreground contrast set independently from background
contrast, which was either 0% or 100%. (c) Results for lamina columnar neurons L1-5. Top: False-color plot of the linear spatial receptive fields
from a Difference-of-Gaussian model which was fit to the original data. Middle: Step responses of the cells from a model fit after deconvolution of
a putative calcium indicator kernel. Bottom: Foreground contrast tuning of the cells for 0% or 100% background contrast (data from Ref. [29°°]).
(d) Same as in C for the columnar elements of the ON-pathway, Mi1, Tm3, Mi4 and Mi9 (data replotted from Refs. [28°,29°°]). (e) Same as in C for
the columnar elements of the OFF-pathway, Tm1, Tm2, Tm4 and Tm9 (data replotted from Refs. [28°,29°]).

relative contrast in the current scene. This could reduce
the inherent contrast variability of natural images and
render downstream feature-extracting neurons, such as

advantage for sensory processing across species and even
modalities ([56,57]; for review, see Ref. [58]).

In summary, transient medulla neurons serve as a second
stage of pre-processing which transforms absolute local
contrast, as given by the lamina, into a representation of

motion detectors T4 and TS5, more resilient against
natural contrast fluctuations. Closer investigation reveals
that this mechanism is fast and partially implemented

Current Opinion in Physiology 2020, 16:1-10
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Figure 3
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Diagram of feature extraction pathways in the fly visual system.
Photoreceptor signals become preprocessed in lamina monopolar
cells. L1 and L2 cells feed into the ON-pathway (red) and OFF-
pathway (blue) respectively, while L3 provide input to both
channels. The spatio-temporal filter bank in the medulla provides
a variety of signals to downstream circuits. Output from
presumably all depicted Mi and Tm cells converges on the
dendrites of local motion detecting T4 and T5 cells. Lobula plate
tangential cells integrate T4 and T5 signals spatially for each
cardinal direction of visual motion and in each layer of the lobula
plate. Additionally, they are inhibited in the respective opposite
direction by local inhibitory neurons (LPi) that receive excitatory
inputs from T4 and T5 cells in the neighboring layer. Both T4/T5
as well as LPis provide signals for local looming detectors
(LPLC2) that respond exclusively to expanding stimuli. Finally, the
position of visual objects is encoded in LPTCs, however
independently of local motion detectors but through an unknown
circuit element that receives input from Mi1 and Tm3. The
example data depict the following: Filter bank: color coded 3D
representation of linear spatial receptive fields in medulla neurons
with responses to positive (green) and negative (purple) changes
in luminance (replotted from Ref. [28°]); Position: voltage
fluctuation of horizontal system (HS) LPTCs upon stimulation with
counterphase flicker with only T4/T5 cells silenced (left) and T4/T5
and Mi1/Tm3 cells silenced (adapted from Ref. [84]); Local
motion: color coded T4/T5 calcium responses in the four layers of
the lobula plate when presented with sine-gratings moving in four
directions (front-to-back (green), back-to-front (red), up (yellow),
down (blue), from Ref. [15]); Wide field motion: example voltage

via recurrent inhibitory interactions spanning several
medulla columns [29°°]. This indicates that the original
picture of parallel processing by neighboring columns in
the medulla has to be revised in favor of a more intricate
circuit model involving non-linear interactions between
remote neurons in visual space.

Extracting visual features

The motion vision pathway is one of the best studied
examples of visual feature extraction in the fly. As out-
lined above, T4 and TS5 cells represent a feature map for
local motion cues across visual space. Since none of the
medulla cells turned out to be directionally selective, the
dendrites of T4 and 'T'5 cells are the place where direction
selectivity arises [15,16]. Algorithmic models had postu-
lated for long that the computation of directional motion
information requires a non-linear interaction between
asymmetrically filtered signals in time derived from spa-
tially offset small-field inputs (Figure 2f, g, [59,60]).
Indeed, dense EM reconstruction [24,27°°] demonstrated
that T4 and TS cells receive input from tonic neurons
(such as Mi4, Mi9 and 'T'm9) that carry a slow, temporally
low-pass filtered signal within one column, and from
transient neurons (such as Mil, Tm1, Tm2, Tm3 and
Tm4) that carry a fast, temporally band-pass filtered
signal within adjacent columns. These signals are then
non-linearly combined within T4 and TS5 cells so that
stimuli travelling along one direction (the so-called
‘preferred direction’) are amplified, and stimuli in the
opposite direction (the so-called’ null direction’) become
suppressed [61-63]. This combination of preferred-
direction enhancement and null-direction suppression
results in a high degree of direction selectivity right at
the first stage where the direction of motion is computed
[61]. The ionic currents underlying amplification and
suppression are currently being investigated ([64,65°°];
for review see Ref. [66]).

"T'his particular pattern of connectivity, which requires the
wiring of temporally asymmetric input channels from
adjacent columns onto a given T4 or T'5 cell has been
confirmed for each of the subtypes of T4 and 'T'5 [27°°]. As
a result, the activity of the four subtypes of T4 and T5
cells across all four lobula plate layers represents the
Cartesian values of the local motion vector at each posi-
tion in visual space (Figure 3). From this map, informa-
tion about behaviorally relevant optic flow-fields is
extracted by a set of wide-field neurons called ‘lobula
plate tangential cells’. From work in blow flies, these cells
have been known for long to respond to large-field motion
that inform the fly about its ego motion, like rotation

trace of an HS cell recording upon wide field stimulation in its
preferred and null-direction (adapted from Ref. [73]); Local
looming: example calcium responses of a LPLC2 neuron upon
stimulation with a local looming object (left) and a horizontally
moving bar (right, adapted from Ref. [81°7]).
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around various body axes [67-71]. Studies on their coun-
terparts in Drosophila [72,73] demonstrate that lobula
plate tangential cells derive their flow-field sensitivity
from integrating excitatory, cholinergic signals of T4 and
'T'5 cells on their large dendrites within selected layers of
the lobula plate (Figure 3) [74,75]. One characteristic
feature of tangential cells is their motion opponency:
they respond to motion along their preferred direction
with depolarization while they hyperpolarize when stim-
ulated by motion in the opposite direction. The origin and
functional relevance of this motion-opponency is due to a
group of lobula plate intrinsic neurons (LLP1) that receive
excitatory input from T4 and TS5 cells in one layer of the
lobula plate and send inhibitory output to tangential cells
in the neighboring layer suppressing responses to null-
direction motion [76]. As a result, lobula plate tangential
cells are more specifically tuned to particular low-fields
and do not respond to other flow-fields even when
they partially match their preferred flow-field within
certain patches of the visual field (e.g. translation versus
expansion).

A looming stimulus is a specific type of optic flow that
informs the fly about an impending threat. Consequently,
looming stimuli elicit strong behavioral responses in flies
like escape jumps, avoidance steering or landing, in
dependence on the location of the expansion pole within
the visual surround [77,78]. While the neural circuitry
underlying escape behaviors is well understood in other
insects like the locust [79,80], important pieces of infor-
mation have been missing in the fly, especially in the
periphery of the sensory-motor transformation pathway.
In principle, a neuron that selectively responds to
expanding flow-fields would have to sample inputs from
all four lobula plate layers simultaneously [78]. Indeed,
Klapoetke ¢ a/. recently described a novel type of neu-
rons that exactly matches this anatomical prediction
[81°°]. Physiological characterization of ‘lobula plate/
lobula columnar neuron type II’ (LPLC2) revealed selec-
tive responses to looming stimuli that depend on the
input from T4/T5 and LPi neurons (Figure 3). This
discovery provides insight into the connection between
the well-described visual response properties of columnar
neurons in the optic lobe and pre-motor circuits in the
central brain that initiate appropriate behavioral actions.

All circuits described thus far depend on the output of
direction-selective T4 and TS5 cells and the visual
features extracted by them emphasize the ecological
importance of motion vision for the fly. There are, how-
ever, other interesting visual feature motifs like local
flicker that do not contain directional motion information.
T'urning responses elicited by flickering objects have first
been described in larger fly species [82,83]. Obviously,
information about the position of a visual object can be
extracted, even if the object does not move. More recent
studies in Drosophila provided evidence that such turning

responses are mediated by Mil and Tm3 cells, indepen-
dent of elementary motion detectors [84]. Flies with T4
and 'T'5 cells silenced still orient towards flickering bars or
static features changing in contrast in an open loop
condition and stabilize dark objects in their frontal visual
field during closed loop conditions [84,85]. Interestingly,
these features are represented in the signals of lobula
plate tangential cells, indicating an indirect connection
between Mil and Tm3 and the lobula plate (Figure 3).
More recently, a whole new class of visual projection
neurons have been described, so-called ’lobula columnar’
(LC) neurons [86], which provide output signals from the
optic lobe to the ‘optic glomeruli’ in the central brain.
Amongst them, only a few have been characterized so far:
LC6 and LLC16 neurons respond to looming stimuli [86],
and LLC11 mainly to small moving objects [86,87]. LC10
neurons also preferentially respond to small moving
objects, but using an antagonistic motion-based center-
surround mechanism [88°]. The latter study also showed
that LC10 cells are indispensable for male courtship:
Males with [LC10 neurons silenced are unable to orient
toward or maintain proximity to the female and fail to
predominantly use the ipsilateral wing when singing
[88°]. The exact functional and anatomical wiring of their
inputs in the optic lobe, however, is not known to date
and subject to ongoing investigations.

Current challenges, problems and promises

The above examples illustrate how different visual cues
that are only implicitly represented in the spatio-temporal
excitation pattern of the photoreceptors become
extracted and, thus, explicitly represented in higher order
neurons of the Drosophila optic lobe. This feature extrac-
tion is done in several, consecutive steps following the
different layers of the optic lobe (Figure 3). As a first step,
photoreceptor signals are multiplexed in the lamina onto
a set of channels with different dynamics — transient (L. 1,
L.2) versus sustained (LL3) — that provide input to the ON
(L1) and the OFF (LL2) pathway. In addition, signals
adapt to and, thus, become largely independent of the
mean luminance. In the next step, lamina signals are
combined in several ways by a large number of different
columnar neurons in the medulla. These neurons differ
from each other 1) with respect to their response polarity
(ON and OFF neurons), ii) with respect to the extent and
structure of their spatial receptive field (narrow or broad,
with or without antagonistic surround, i.e. spatial band-
pass or low-pass), and iii) with respect to their temporal
response characteristics (transient versus sustained),
covering a variety of time-constants. In addition, the
responses of transient medulla neurons are normalized
by the surround contrast. From this set of medulla neu-
rons, higher-order visual cues become extracted through a
motion-related processing pathway via T4/T5-cells (local
motion, wide-field motion, looming signals) or by
combining particular subsets of medulla neurons (local
flickers). These are just examples, representing our

Current Opinion in Physiology 2020, 16:1-10
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knowledge as of now. Future studies will reveal the
processing and extraction of more visual cues, involving
other sets of medulla and lobula neurons into the different
optic glomeruli, additional pathways and levels of repre-
sentation, thus completing the picture about visual infor-
mation processing in the fly optic lobe.

Along this way, what are the challenges and problems
lying ahead? Ideally, one would like to a) know the visual
response properties, both in space and time, of each of the
neurons, b) understand the mechanisms underlying these
properties, and c¢) know the function a given neuron plays
in a particular behavior. Studying the visual response
properties of all neurons is a question of imagination
(with respect to the choice of stimuli) and diligence (with
respect to creating specific driver lines for all the different
cell types and recording from them).

Understanding the mechanisms, however, is much
harder. Why that? These mechanisms can be grouped
into connectivity, intrinsic membrane properties and
synaptic transmission characteristics, both at the presyn-
aptic and the postsynaptic site. Data on connectivity are
available at an almost complete level, at least for columnar
neurons, thanks to the Janelia 7-column EM project [27°°]
(Figure 4a). Data on intrinsic membrane properties will
come from more and more exhaustive bulk or single cell

transmitter receptors and ligand or second messenger-
gated ion channels are being expressed in each cell type
[89-92]. However, the overall effect of such active mem-
brane properties depends on the spatial distribution of the
different membrane channels, where no general method
exists to visualize them at a single cell level. Furthermore,
whether transmitter release follows a constant presynap-
tic membrane depolarization or rapidly decays to zero
depends on the size of the readily available vesicle pool
and on the speed by which this pool is replenished. In a
similar way, postsynaptic receptors can faithfully transmit
a constant transmitter concentration or adapt to various
degrees. All these factors can only be teased apart by
painstaking experiments involving whole cell patch
recordings and calcium imaging experiments, optical
measurements of transmitter release as well as blocking
and activation of presynaptic neurons.

Additional problems arise with the latter type of experi-
ments, since a particular neuron is usually not only
presynaptic to just the one whose response properties
one wants to study, but also to many other neurons in the
circuit. Therefore, blocking or activating one type of
neuron may alter the function of many other cells and,
thus, influence the postsynaptic neuron in many indirect
ways (see also Ref. [93]). The amount of such ‘lateral’ or
recurrent connectivity becomes obvious when looking at

mRNA sequencing data, revealing what type of  the subcircuit of neurons involved in motion vision
Figure 4
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(Figure 4b). As one example, medulla neuron Mil, pro-
viding the major excitatory input to T4 cells, not only
feeds back onto its major input neuron L1, but also
synapses onto three other neurons presynaptic to T4
cells, that is, Tm3, Mi4 and Mi9. Blocking Mil has been
found to abolish the T4 response to ON-edges almost
completely over a wide range of stimulus velocities [94].
However, the contribution of the direct synaptic input of
Mil onto T'4 cannot be deduced from such experiments.

A similar situation is found for the GABAergic Mi4 [27°°]
and the glutamatergic Mi9 cells [47] which are mutually
connected to each other, both presumably being inhibi-
tory [95,75]. Blocking either one of them will certainly
influence the other cell as well, which makes the effect on
T4 cells hard to interpret. Similar problems will arise
when studying the function of a given type of neuron for
certain behaviors by activation or blocking experiments,
due to the connectivity between the different neurons
representing different visual cues. Despite these obsta-
cles, given all the tools and knowledge available in
Drosophila, the fly optic lobe represents a unique oppor-
tunity where a complete picture of visual processing
seems achievable in the not too distant future.

Conflict of interest statement
Nothing declared.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Borst A: Drosophila’s view on insect vision. Curr Biol 2009, 19:
R36-R47.

2. Borst A, Egelhaaf M: Principles of visual motion detection.
Trends Neurosci 1989, 12:297-306.

3. Cajal SR, Sanchez D: Contribucion al conocimiento de los centros
nerviosos de los insectos. Madrid: Imprenta de Hijos de Nicholas
Moja; 1915.

4. Strausfeld NJ: Atlas of an Insect Brain. Berlin, Heidelberg:
Springer; 1976.

5. Fischbach KF, Dittrich APM: The optic lobe of Drosophila
melanogaster. I. A Golgi analysis of wild-type structure. Cell
Tissue Res 1989, 258:441-475.

6. Masland RH: The neural organization of the retina. Neuron
2012, 76:266-280.

7. Buschbeck E, Strausfeld NJ: Visual motion-detection circuits in
flies: small-field retinotopic elements responding to motion
are evolutionarily conserved across taxa. J Neurosci 1996,
16:4563-4578.

8. McAlpine JF: Phylogeny and classification of the
Muscomorpha. In Manual of Nearctic Diptera, Vol 13, Agriculture
Canasa Monograph 32. Edited by McAlpine JF. 1989:1397-1518.

9. Buchner E, Buchner S, Bulthoff I: Deoxyglucose mapping of
nervous activity induced in Drosophila brain by visual
movement. J Comp Physiol A 1984, 155:471-483.

10. Strausfeld NJ, Lee J-K: Neuronal basis for parallel visual
processing in the fly. Visual Neurosci 1991, 7:13-33.

11. Bausenwein B, Fischbach KF: Activity labeling patterns in the
medulla of Drosophila melanogaster caused by motion
stimuli. Cell Tissue Res 1992, 270:25-35.

12. Bausenwein B, Dittrich APM, Fischbach KF: The optic lobe of
Drosophila melanogaster. Il. Sorting of retinotopic pathways
in the medulla. Cell Tissue Res 1992, 267:17-28.

13. Douglass JK, Strausfeld NJ: Visual motion-detection circuits in
flies: peripheral motion computation by identified small-field
retinotopic neurons. J Neurosci 1995, 15:5596-5611.

14. Douglass JK, Strausfeld NJ: Visual motion-detection circuits in
flies: Parallel direction- and non-direction-sensitive pathways
between the medulla and lobula plate. J Neurosci 1996,
16:4551-4562.

15. Maisak MS, Haag J, Ammer G, Serbe E, Meier M, Leonhardt A,
Schilling T, Bahl A, Rubin GM, Nern A et al.: A directional tuning
map of Drosophila elementary motion detectors. Nature 2013,
500:212-216.

16. Fisher YE, Silies M, Clandinin TR: Orientation selectivity
sharpens motion detection in Drosophila. Neuron 2015,
88:390-402.

17. Joesch M, Schnell B, Raghu S, Reiff DF, Borst A: ON and OFF
pathways in Drosophila motion vision. Nature 2010,
468:300-304.

18. Eichner H, Joesch M, Schnell B, Reiff DF, Borst A: Internal
structure of the fly elementary motion detector. Neuron 2011,
70:1155-1164.

19. Joesch M, Weber F, Eichner H, Borst A: Functional specialization
of parallel motion detection circuits in the fly. J Neurosci 2013,
33:902-905.

20. Werblin F, Dowling JE: Organization of the retina of the
mudpuppy, Necturus maculosus. Il. Intracellular recording. J
Physiol 1969, 32:339-355.

21. Borst A, Helmstaedter M: Common circuit design in fly and
mammalian motion vision. Nat Neurosci 2015, 18:1067-1076.

22. Takemura SY, Lu Z, Meinertzhagen IA: Synaptic circuits of the
Drosophila optic lobe: the input terminals to the medulla. J
Comp Neurol 2008, 509:493-513.

23. Takemura SY, Karuppudurai T, Ting CY, Lu Z, Lee CH,
Meinertzhagen IA: Cholinergic circuits integrate neighboring
visual signals in a Drosophila motion detection pathway. Curr
Biol 2011, 21:2077-2084.

24. Takemura SY, Nern A, Chklovskii DB, Scheffer LK, Rubin GM,
Meinertzhagen IA: The comprehensive connectome of a neural
substrate for ‘ON’ motion detection in Drosophila. eLife 2017,
6:€24394.

25. Shinomiya K, Karuppudurai T, Lin TY, Lu Z, Lee CH,
Meinertzhagen IA: Candidate neural substrates of Off-edge
motion detection in Drosophila. Curr Biol 2014, 24:1062-1070.

26. Shinomiya K, Takemura SY, Rivlin PK, Plaza SM, Scheffer LK,
Meinertzhagen IA: A common evolutionary origin for the ON-
and OFF-edge motion detection pathways of the Drosophila
visual system. Front Neural Circuits 2015, 9:33.

27. Shinomiya K, Huang G, Lu Z, Parag T, Xu CS, Aniceto R, Ansari N,
ee Cheatham N, Lauchie S, Neace E et al.: Comparisons between
the ON- and OFF-edge motion pathways in the Drosophila
brain. eLife 2019, 8:e40025
Based on a dense EM reconstruction of seven columns of the Drosophila
optic lobe at 8 nm isotropic resolution, a conclusive and comprehensive
connectome is presented. It integrates detailed connectivity information
for inputs to both the T4 and T5 pathways in a single dataset covering the
entire optic lobe.

28. Arenz A, Drews MS, Richter FG, Ammer G, Borst A: The

e temporal tuning of the Drosophila motion detectors is
determined by the dynamics of their input elements. Curr Biol
2017, 27:929-944

A comprehensive study of the linear spatio-temporal receptive fields of

the major medulla neurons presynaptic to the motion-sensitive T4 and T5

cells. Their dynamics turn out to be sufficient to account for the temporal

tuning properties of T4 and T5 cells.

Current Opinion in Physiology 2020, 16:1-10

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0005
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0005
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0010
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0010
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0015
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0015
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0015
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0020
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0020
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0025
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0025
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0025
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0030
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0030
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0035
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0035
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0035
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0035
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0040
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0040
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0040
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0045
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0045
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0045
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0050
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0050
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0055
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0055
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0055
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0060
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0060
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0060
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0065
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0065
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0065
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0070
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0070
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0070
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0070
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0075
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0075
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0075
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0075
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0080
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0080
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0080
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0085
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0085
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0085
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0090
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0090
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0090
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0095
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0095
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0095
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0100
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0100
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0100
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0105
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0105
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0110
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0110
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0110
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0115
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0115
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0115
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0115
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0120
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0120
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0120
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0120
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0125
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0125
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0125
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0130
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0130
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0130
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0130
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0135
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0135
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0135
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0135
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0140
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0140
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0140
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0140

29.

The neural network behind the eyes of a fly Borst, Drews and Meier 9

Drews MS, Leonhardt A, Pirogova N, Richter FG,
Schuetzenberger A, Braun L, Serbe E, Borst A: Dynamic signal
compression for robust motion vision in flies. Curr Biol 2020, 30
209-221.e8

This study describes the presence of ‘contrast normalization’ in many
neurons of the Drosophila medulla. The normalization mechanism
involves a fast feed-back signal derived from pooling over a large area
of the visual field.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Laughlin SB, Hardie RC: Common strategies for light
adaptation in the peripheral visual systems of fly and dragon
fly. J Comp Physiol 1978, 128:319-340.

Hardie RC: Electrophysiological analysis of fly retina. I:
comparative properties of R1-6 and R7 and 8. J Comp Physiol
1979, 129:19-33.

Laughlin SB: The role of sensory adaption in the retina. J Exp
Biol 1989, 146:39-62.

Hardie RC, Weckstroem M: Three classes of potassium
channels in large monopolar cells of the blowfly Calliphora
vicina. J Comp Physiol 1990, 167:723-736.

Srinivasan MV, Laughlin SB, Dubs A: Predictive coding - a fresh
view of inhibition in the retina. Proc R Soc B 1982, 216:427-459.

Van Hateren JH: Real and optimal neural images in early vision.
Nature 1992, 360:68-70.

Reiff DF, Plett J, Mank M, Griesbeck O, Borst A: Visualizing
retinotopic half-wave rectified input to the motion detection
circuitry of Drosophila. Nat Neurosci 2010, 13:973-978.

Freifeld L, Clark DA, Schnitzer MJ, Horowitz MA, Clandinin TR:
GABAergic lateral interactions tune the early stages of visual
processing in Drosophila. Neuron 2013, 78:1075-1089.

Silies M, Gohl DM, Fisher YE, Freifeld L, Clark DA, Clandinin TR:
Modular use of peripheral input channels tunes motion-
detecting circuitry. Neuron 2013, 79:111-127.

Tuthill JC, Nern A, Holtz SL, Rubin GM, Reiser MB: Contributions
of the 12 neuron classes in the fly lamina to motion vision.
Neuron 2013, 79:128-140.

Tuthill JC, Nern A, Rubin GM, Reiser MB: Wide-field feedback
neurons dynamically tune early visual processing. Neuron
2014, 82:887-895.

Behnia R, Clark DA, Carter AG, Clandinin TR, Desplan C:
Processing properties of ON and OFF pathways for Drosophila
motion detection. Nature 2014, 512:427-430.

Meier M, Serbe E, Maisak MS, Haag J, Dickson BJ, Borst A:
Neural circuit components of the Drosophila OFF motion
vision pathway. Curr Biol 2014, 24:385-392.

Strother JA, Nern A, Reiser MB: Direct observation of ON and
OFF pathways in the Drosophila visual system. Curr Biol 2014,
24:976-983.

Serbe E, Meier M, Leonhardt A, Borst A: Comprehensive
characterization of the major presynaptic elements to the
Drosophila OFF motion detector. Neuron 2016, 89:829-841.

Yang HH, St-Pierre F, Sun X, Ding X, Lin MZ, Clandinin TR:
Subcellular imaging of voltage and calcium signals reveals
neural processing in vivo. Cell 2016, 166:245-257.

Strother JA, Wu ST, Wong AM, Nern A, Rogers EM, Le JQ,
Rubin GM, Reiser MB: The emergence of directional selectivity
in the visual motion pathway of Drosophila. Neuron 2017,
94:168-182.

Richter FG, Fend| S, Haag J, Drews MS, Borst A: Glutamate
signaling in the fly visual system. iScience 2018, 7:85-95.

Meier M, Borst A: Extreme compartmentalization in a
Drosophila amacrine cell. Curr Biol 2019, 29:1545-1550.

Chichilnisky EJ: A simple white noise analysis of neuronal light
responses. Network 2001, 12:199-213.

Ringach DL: Mapping receptive fields in primary visual cortex.
J Physiol 2004, 558:717-728.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Chen T-W, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A,
Schreiter ER, Kerr RA, Orger MB, Jayaraman V et al.:
Ultrasensitive fluorescent proteins for imaging neuronal
activity. Nature 2013, 499:295-300.

Brand AH, Perrimon N: Targeted gene expression as a means of
altering cell fates and generating dominant phenotypes.
Development 1993, 118:401-415.

Jenett A, Rubin GM, Ngo T-TB et al.: A GAL4-driver line resource
for Drosophila neurobiology. Cell Rep 2012, 2:1-11.

Venken KJT, Simpson JH, Bellen HJ: Genetic manipulation of
genes and cells in the nervous system of the fruit fly. Neuron
2011, 72:202-230.

Fisher YE, Leong JCS, Sporar K, Ketkar MD, Gohl DM,
Clandinin TR, Silies M: A class of visual neurons with wide-field
properties is required for local motion detection. Curr Biol
2015, 25:3178-3189.

Heeger DJ: Normalization of cell responses in cat striate
cortex. Visual Neurosci 1992, 9:181-197.

Olsen SR, Bhandawat V, Wilson R: Divisive normalization in
olfactory population codes. Neuron 2010, 66:287-299.

Carandini M, Heeger DJ: Normalization as a canonical neural
computation. Nature Rev Neurosci 2012, 13:51-62.

Hassenstein B, Reichardt W: Systemtheoretische Analyse der
Zeit-, Reihenfolgen- und Vorzeichenauswertung bei der
Bewegungsperzeption des Riisselkafers Chlorophanus. Z
Naturforsch 1956, 11b:513-524.

Barlow HB, Levick WR: The mechanism of directionally
selective units in rabbit’s retina. J Physiol 1965, 178:477-504.

Haag J, Arenz A, Serbe E, Gabbiani F, Borst A: Complementary
mechanisms create direction selectivity in the fly. eLife 2016, 5:
el7421.

Leong JCS, Esch JJ, Poole B, Ganguli S, Clandinin TR: Direction
selectivity in Drosophila emerges from preferred-direction
enhancement and null-direction suppression. J Neurosci 2016,
36:8078-8092.

Haag J, Mishra A, Borst A: A common directional tuning
mechanism of Drosophila motion-sensing neurons in the ON
and in the OFF pathway. eLife 2017, 6:29044.

Borst A: A biophysical mechanism for preferred direction
enhancement in fly motion vision. PLoS Comput Biol 2018, 14:
e€1006240.

Gruntman E, Romani S, Reiser MB: Simple integration of fast
excitation and offset, delayed inhibition computes directional
selectivity in Drosophila. Nat Neurosci 2018, 21:250-257

This study reports the first whole-cell patch recording from T4 cells in
Drosophila. Intriguingly, the authors find only null-direction suppression
to underlie direction selectivity, with no evidence for preferred-direction
enhancement.

66.

67.

68.

69.

70.

71.

Borst A, Haag J, Mauss AS: How fly neurons compute the
direction of visual motion. J Comp Physiol A 2019, 206:109-124.

Hausen K: Motion sensitive interneurons in the optomotor
system of the fly. Biol Cybern 1982, 45:143-156.

Hengstenberg R: Common visual response properties of giant
vertical cells in the lobula plate of the blowfly Calliphora. J
Comp Physiol 1982, 149:179-193.

Hausen K: The lobula-complex of the fly: structure, function
and significance in visual behavior. In  Photoreception and
Vision in Invertebrates. Edited by Ali MA. New York: Plenum Press;
1984:523-559.

Krapp HG, Hengstenberg R: Estimation of self-motion by optic
flow processing in single visual interneurons. Nature 1996,
384:463-466.

Krapp HG, Hengstenberg B, Hengstenberg R: Dendritic structure
and receptive-field organization of optic flow processing
interneurons in the fly. J Neurophysiol 1998, 79:1902-1917.

www.sciencedirect.com

Current Opinion in Physiology 2020, 16:1-10


http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0145
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0145
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0145
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0145
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0150
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0150
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0150
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0155
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0155
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0155
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0160
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0160
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0165
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0165
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0165
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0170
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0170
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0175
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0175
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0180
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0180
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0180
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0185
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0185
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0185
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0190
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0190
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0190
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0195
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0195
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0195
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0200
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0200
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0200
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0205
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0205
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0205
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0210
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0210
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0210
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0215
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0215
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0215
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0220
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0220
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0220
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0225
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0225
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0225
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0230
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0230
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0230
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0230
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0235
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0235
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0240
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0240
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0245
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0245
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0250
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0250
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0255
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0255
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0255
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0255
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0260
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0260
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0260
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0265
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0265
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0270
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0270
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0270
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0275
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0275
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0275
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0275
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0280
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0280
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0285
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0285
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0290
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0290
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0295
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0295
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0295
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0295
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0300
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0300
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0305
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0305
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0305
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0310
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0310
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0310
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0310
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0315
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0315
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0315
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0320
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0320
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0320
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0325
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0325
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0325
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0330
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0330
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0335
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0335
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0340
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0340
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0340
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0345
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0345
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0345
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0345
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0350
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0350
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0350
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0355
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0355
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0355

10

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Vision physiology

Joesch M, Plett J, Borst A, Reiff DF: Response properties of
motion-sensitive visual interneurons in the lobula plate of
Drosophila melanogaster. Curr Biol 2008, 18:368-374.

Schnell B, Joesch M, Forstner F, Raghu SV, Otsuna H, Ito K,
Borst A, Reiff DF: Processing of horizontal optic flow in three
visual interneurons of the Drosophila brain. J Neurophysiol
2010, 103:1646-1657.

Schnell B, Raghu S, Nern A, Borst A: Columnar cells necessary
for motion responses of wide-field visual interneurons in
Drosophila. J Comp Physiol A 2012, 198:389-395.

Mauss AS, Meier M, Serbe E, Borst A: Optogenetic and
pharmacologic dissection of feedforward inhibition in
Drosophila motion vision. J Neurosci 2014, 34:2254-2263.

Mauss AS, Pankova K, Arenz A, Nern A, Rubin GM, Borst A: Neural
circuit to integrate opposing motions in the visual field. Cell
2015, 162:351-362.

Card G, Dickinson MH: Visually mediated motor planning in the
escape response of Drosophila. Curr Biol 2008, 18:1300-1307.

Schilling T, Borst A: Local motion detectors are required for
the computation of expansion flow-fields. Bio/ Open 2015,
4:1105-1108.

Gabbiani F, Krapp HG, Koch C, Laurent G: Multiplicative
computation in a visual neuron sensitive to looming. Nature
2002, 420:320-324.

Fotowat H, Harrison RR, Gabbiani F: Multiplexing of motor
information in the discharge of a collision detecting neuron
during escape behavior. Neuron 2011, 69:147-158.

Klapoetke NC, Nern A, Peek MY, Rogers EM, Breads P, Rubin GM,
Reiser MB, Card GM: Ultra selective looming detection from
radial motion opponency. Nature 2017, 551:237-241

A lobula plate cell (LPLC2) with intriguing anatomy is described in
Drosophila. Different subparts of the dendrite stratify in each of the four
lobula plate layers though at different retinotopic locations, leading to
maximal activation in response to an approaching object or predator.

82.

83.

Poggio T, Reichardt W: A theory of the pattern induced flight
orientation of the fly Musca domestica. Kybernetik 1973,
12:185-203.

Pick B: Visual flicker induces orientation behavior in the fly
Musca. Z Naturforsch C 1974, 29¢:310-312.

84.

85.

86.

87.

88.

L]

Bahl A, Serbe E, Meier M, Ammer G, Borst A: Neural
mechanisms for Drosophila contrast vision. Neuron 2015,
88:1240-1252.

Bahl A, Ammer G, Schilling T, Borst A: Object tracking in motion-
blind flies. Nat Neurosci 2013, 16:730-738.

Wu M, Nern A, Williamson WR, Morimoto MM, Reiser MB,

Card GM, Rubin GM: Visual projection neurons in the
Drosophila lobula link feature detection to distinct behavioral
programs. eLife 2016, 2016:e21022.

Keles MF, Frye MA: Object detecting neurons in Drosophila.
Curr Biol 2017, 27:680-697.

Ribeiro Martins Alves |, Drews MS, Bahl A, Machacek C, Borst A,
Dickson BJ: Visual projection neurons mediating directed
courtship in Drosophila. Cell 2018, 174:607-621

This study describes a visual projection neuron, LC 10, of Drosophila
required specifically in male flies for tracking females during courtship:
flies with silenced LC 10 show normal optomotor responses and track
long bars, just as wild-type controls.

89.

90.

91.

92.

93.

94.

95.

Tan L et al.: Ig superfamily ligand and receptor pairs expressed
in synaptic partners in Drosophila. Cell 2015, 163:1756-1769.

Pankova K, Borst A: Transgenic line for the identification of
cholinergic release sites in Drosophila melanogaster. J Exp
Biol 2017, 220:1405-1410.

Davis FP, Nern A, Picard S, Reiser MB, Rubin GM, Eddy SR,
Henry GL: A genetic, genomic, and computational resource for
exploring circuit function. eLife 2020, 9:e50901.

Kurmangaliyev YZ, Yoo J, LoCascio SA, Zipursky SL: Modular
transcriptional programs separately define axon end dendrite
connectivity. eLife 2019, 6:e50822.

Wolff SBE, Oelveczky BP: The promise and perils of causal
circuit manipulations. Curr Opin Neurobiol 2018, 49:84-94.

Ammer G, Leonhardt A, Bahl A, Dickson BJ, Borst A: Functional
specialization of neural input elements to the Drosophila ON
motion detector. Curr Biol 2015, 25:2247-2253.

Liu WW, Wilson RI: Glutamate is an inhibitory neurotransmitter
in the Drosophila olfactory system. Proc Nat/ Acad Sci U S A
2013, 110:10294-10299.

Current Opinion in Physiology 2020, 16:1-10

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0360
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0360
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0360
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0365
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0365
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0365
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0365
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0370
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0370
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0370
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0375
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0375
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0375
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0380
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0380
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0380
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0385
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0385
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0390
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0390
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0390
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0395
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0395
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0395
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0400
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0400
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0400
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0405
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0405
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0405
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0410
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0410
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0410
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0415
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0415
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0420
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0420
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0420
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0425
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0425
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0430
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0430
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0430
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0430
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0435
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0435
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0440
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0440
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0440
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0445
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0445
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0450
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0450
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0450
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0455
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0455
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0455
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0460
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0460
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0460
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0465
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0465
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0470
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0470
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0470
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0475
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0475
http://refhub.elsevier.com/S2468-8673(20)30042-0/sbref0475

	The neural network behind the eyes of a fly
	Introduction
	Linear and non-linear processing in columnar units
	Extracting visual features
	Current challenges, problems and promises
	Conflict of interest statement
	References and recommended reading


