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Optogenetic and Pharmacologic Dissection of Feedforward
Inhibition in Drosophila Motion Vision
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Visual systems extract directional motion information from spatiotemporal luminance changes on the retina. An algorithmic model, the
Reichardt detector, accounts for this by multiplying adjacent inputs after asymmetric temporal filtering. The outputs of two mirror-
symmetrical units tuned to opposite directions are thought to be subtracted on the dendrites of wide-field motion-sensitive lobula plate
tangential cells by antagonistic transmitter systems. In Drosophila, small-field T4/T5 cells carry visual motion information to the tan-
gential cells that are depolarized during preferred and hyperpolarized during null direction motion. While preferred direction input is
likely provided by excitation from T4/T5 terminals, the origin of null direction inhibition is unclear. Probing the connectivity between
T4/T5 and tangential cells in Drosophila using a combination of optogenetics, electrophysiology, and pharmacology, we found a direct
excitatory as well as an indirect inhibitory component. This suggests that the null direction response is caused by feedforward inhibition
via yet unidentified neurons.
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Introduction
The perception of dynamically changing visual images derives from
time-varying brightness changes projected onto a 2D array of pho-
toreceptors. To extract higher order features that are not explicitly
encoded at the level of individual inputs, signals from each point in
space need to be processed by downstream parallel circuits. An im-
portant question is how the direction of local image motion is de-
tected, a process that requires the comparison of signals from at least
two neighboring photoreceptors in time. An algorithmic model, the
Reichardt detector, accounts for this by multiplying adjacent inputs
after asymmetric temporal filtering (Hassenstein and Reichardt,
1956; Borst and Euler, 2011). A functional unit comprises two
mirror-symmetrical half detectors tuned to opposite directions.
Their outputs are thought to be subtracted on the dendrites of
motion-sensitive cells by antagonistic neurotransmitter systems.

Much of our knowledge about the functional organization of
such a neural circuit has emerged from studies in flies (Borst et al.,

2010), where large tangential cells in the lobula plate (LPTCs)
display direction-selective responses: depolarization during mo-
tion along their preferred direction and hyperpolarization during
motion along the opposite/null direction. Two pathways, corre-
sponding to separate ON and OFF channels, convey signals from
photoreceptors to the LPTCs (Joesch et al., 2010, 2013; Eichner et
al., 2011; Maisak et al., 2013), and their behavioral relevance has
been investigated in great detail (Rister et al., 2007; Clark et al.,
2011; Bahl et al., 2013; Maisak et al., 2013; Silies et al., 2013;
Tuthill et al., 2013). The presumed outputs of these pathways are
arrays of columnar T4 and T5 cells that are therefore prime can-
didates to represent the last processing stage of the antagonistic
half detectors. In support of this notion, genetically silencing
T4/T5 eliminates all motion sensitivity in LPTCs (Schnell et al.,
2012). Moreover, both cell types carry direction-selective Ca 2�

signals but differ in their preference for edge polarity (Maisak et
al., 2013). In the lobula plate, individual T4/T5 axons segregate
into four layers according to their tuning: cells selective for
front-to-back motion target layer 1, those selective for back-
to-front layer 2, cells tuned to upward motion terminate in
layer 3, and those tuned to downward motion in layer 4 (Maisak
et al., 2013). The planar dendrites of LPTCs are generally, though
not exclusively, restricted to individual layers that match the T4/T5
cells’ preferred direction (Hausen, 1982, 1984; Hengstenberg et al.,
1982). Therefore, LPTCs likely obtain their preferred direction input
by integrating excitation from T4/T5 terminals over large receptive
fields. However, the synaptic origin of null direction inhibition
in LPTCs is unknown.

We studied the functional connectivity of the lobula plate in
Drosophila by optogenetically stimulating T4/T5 cells while re-
cording the synaptic responses in LPTCs electrophysiologically.
Combining this approach with intersectional genetics and phar-
macology we found that LPTCs receive excitatory cholinergic
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input from both T4 and T5. Importantly, optogenetic activation
of T4/T5 cells also elicits delayed indirect synaptic inhibition. We
propose that LPTC dendrites indeed receive their preferred di-
rection input from correspondingly tuned T4/T5 cell terminals in
the same lobula plate layer. Their null direction input, however,
likely arises from T4/T5 cells with opposite direction tuning ter-
minating in the adjacent layer by feedforward inhibition via yet
unidentified local interneurons.

Materials and Methods
Fly stocks. Flies were raised at 25°C and 60% humidity on standard corn-
meal agar medium at a 12 h light/dark cycle. The following fly strains
were used: T4/T5-specific driver lines from the Howard Hughes Medical
Institute Janelia Farm (Pfeiffer et al., 2008) and IMP Vienna stock collec-
tions (generously provided by Gerald Rubin and Barry Dickson) R42F06-
Gal4 on third chromosome (T4�T5), R42F06-p65-AD on second
(T4�T5), and VT37588-Gal4 on third (T4; Maisak et al., 2013); Cha-
DBD on third (courtesy of Chi-Hon Lee; Gao et al., 2008); UAS-
Channelrhodopsin2-H134R-mCherry on second (UAS-ChR2-H134R,
courtesy of Stefan Pulver; Nagel et al., 2005; Pulver et al., 2009; Mattis et
al., 2012); norpA7 on X (dysfunctional phototransduction mutant; Hotta
and Benzer, 1970); UAS-mCD8-GFP on second (courtesy of Barry
Dickson); UAS-synaptotagmin-HA on second (UAS-syt-HA, courtesy of
Andreas Prokop; Löhr et al., 2002; Robinson et al., 2002); and UAS-stinger-
GFP on second. The genotypes of flies used in our experiments are as
follows, in order of appearance in the Results section: (1) w� ; UAS-
stinger-GFP/� ; R42F06-Gal4/�, (2) w� ; UAS-syt-HA, UAS-mCD8-
GFP/� ; R42F06-Gal4/�, (3) w� ; UAS-ChR2-H134R ; R42F06-Gal4, (4)
w� ; UAS-ChR2-H134R ; VT37588-Gal4, (5) w� ; R42F06-p65-AD, UAS-
ChR2-H134R/R42F06-p65-AD ; Cha-DBD, (6) w� ; � ; R42F06-Gal4
(control without ChR2 expression), (7) norpA7 ; UAS-ChR2-H134R ;
R42F06-Gal4, (8) norpA7 ; UAS-ChR2-H134R ; VT37588-Gal4, and (9)
wild-type Canton-S.

Immunohistochemistry and confocal imaging. For immunostainings
brains of 1- to 2-d-old female flies were dissected in PBS, fixed for 30 – 40
min in PBS/4% paraformaldehyde (PFA) at room temperature, and
washed in PBS/0.5% Triton X-100 (PBT). Preparations were blocked for
2 h in PBT/5% NGS, incubated for 1–2 d at 4°C with primary antibodies
and 2–3 d with secondary antibodies (5% normal goat serum added to
antibody solutions). Primary and secondary antibodies used for T4/T5 �
GFP, sytHA flies (genotype 2) were as follows: rabbit anti-GFP (1:1000;
Torrey Pines Biolabs) � Alexa Fluor 488 goat anti-rabbit (1:500), rat
anti-HA (1:50; Roche) � Alexa Fluor 568 goat anti-rat (1:500), and
mouse anti-bruchpilot (1:25; NC82, Developmental Studies Hybridoma
Bank) � Alexa Fluor 633 goat anti-mouse (1:500). Primary and second-
ary antibodies used for T4/T5 � stinger-GFP flies (genotype 1) were as
follows: mouse anti-ChAT (1:1000; courtesy of P. Salvaterra; Takagawa
and Salvaterra, 1996) � Alexa Fluor 568 goat anti-mouse (1:200), and
rabbit anti-vGAT (1:200; courtesy of D. Kranz; Fei et al., 2010) � Alexa
Fluor 568 goat anti-rabbit (1:200). All secondary antibodies were from
Invitrogen. Brains were mounted (IMM; ibidi) and optically sectioned
with a Leica SP5 confocal laser scanning microscope. To quantify anti-
ChAT-positive and anti-vGAT-positive T4/T5 cells, respectively, two
nonoverlapping optical sections from two brains for each staining were
used for analysis. A total number of 2717 somata for anti-ChAT and 2503
somata for anti-vGAT were evaluated.

To verify ChR2-H134R-mCherry expression specificity and strength
with the different driver lines we dissected brains from female flies (1 d
after eclosion, genotypes as used in physiological experiments) in PBS
(pH 7.4, 280 mOsmol/kg). Brains were fixed at room temperature for 30
min in PBS/4% PFA and an additional 10 min in PBS/4% PFA/0.1%
Triton X-100. After three and two washing steps in PBT and PBS, respec-
tively, brains were mounted (IMM; ibidi) and optically sectioned in the
horizontal plane with a Leica SP5 confocal laser scanning microscope
using 568 nm excitation and a step size of 1 �m. Identical procedures and
confocal settings were applied throughout to compare relative signal
intensities between different driver lines. For documentation, single sec-
tions were processed in ImageJ 1.46r (National Institutes of Health,

Bethesda, Maryland), pseudocolored using the “Fire” lookup table, and
images assembled in Adobe Photoshop CS5.

Cell counts. A software-aided manual counting strategy was used to
estimate T4/T5 cell numbers in confocal stacks (step size 1 �m) gener-
ated from brains expressing nuclear-targeted stinger-GFP with a T4/T5-
specific driver line (UAS-stinger-GFP/� ; R42F06-Gal4/�). While
scrolling through a stack at two orthogonal views distinctly colored
spheres were incrementally anchored to centers of individual nuclei.
Thus, cells were only counted once and omitted nuclei could easily be
detected.

Electrophysiology. For all experiments 20- to 30-h-old female flies kept
at 25°C were used, except for neurotransmitter injections where flies
were 7–30 h old. For optogenetic experiments, yeast paste containing 1
mM all-trans-retinal (ATR, R2500; Sigma Aldrich) was fed to freshly
eclosed flies. Preparation and recording conditions were modified from
Joesch et al. (2008) and Maimon et al. (2010). Flies were anesthetized on
ice and attached to a Plexiglas holder with the head bent down using
melted beeswax. The holder was placed underneath a recording chamber
with a magnet so that the back of the fly’s head was accessible through a
1 mm slit in the bottom of the chamber consisting of thin foil. The head
was gently attached to the slit edges on one side with melted beeswax.
Under external solution, a window was cut into the head capsule on the
other side with a hypodermic needle. Further dissection and recordings
were performed under a Zeiss Axiotech vario microscope equipped with
polarized light contrast and epifluorescence. Under polarized light con-
trast, the glial sheath was digested locally by applying a stream of 0.5
mg/ml Collagenase IV (Gibco) through a cleaning micropipette (�5 �m
opening). Whole-cell recordings were established with patch electrodes
of 5– 8 M� resistance. We used a BA-1S bridge amplifier (npi Electron-
ics) to record in current-clamp, low-pass filtered at 3 kHz, and digitized
signals at 10 kHz via an analog/digital converter (PCI-DAS6025; Mea-
surement Computing). All physiological data were acquired in MATLAB
(R2010b; Mathworks) using the data acquisition toolbox. Normal exter-
nal solution contained the following (in mM): 103 NaCl, 3 KCl, 5 TES, 10
trehalose, 10 glucose, 3–7 sucrose, 26 NaHCO3, 1 NaH2PO4, 1.5 CaCl2,
and 4 MgCl2, pH 7.3–7.35, 280 –290 mOsmol/kg. Zero Ca 2�/high Mg 2�

external solution contained the following (in mM): 66 NaCl, 22 Na-
gluconate, 3 KCl, 5 TES, 10 trehalose, 5 glucose, 25 NaHCO3, 1 NaH2PO4,
and 20 MgCl2, pH 7.3–7.35, 280 mOsmol/kg. External solution was car-
boxygenated (95% O2/5% CO2) and, except for �-bungarotoxin (�-
BTX) experiments, constantly perfused over the preparation at 2 ml/min.
Internal solution, adjusted to pH 7.26 with 1N KOH, contained the
following: 140 K-aspartate , 10 HEPES, 4 Mg-ATP, 0.5 Na-GTP, 1 EGTA,
1 KCl, and 0.1 Alexa Fluor 488 hydrazide salt (265 mOsmol/kg). Dye-
filled cells included for analyses were VS and HS cells, identified by visual
response profile (not possible in blind norpA7 mutant flies) and mor-
phology. Apart from visual direction tuning, no discernible differences
were observed for VS and HS cells in all assays.

Optogenetic stimulation. During electrophysiological recordings,
wide-field light pulses for optogenetic stimulation were delivered via the
epifluorescence light path of the microscope through a 40�/0.8 NA
water-immersion objective (LUMPlan FI; Olympus). As a light source, a
Lambda DG-4 Plus wavelength switcher (Sutter) with a 300 mW Xenon
Arc lamp was connected to the illumination port of the microscope via a
liquid light guide. Attenuating the output of the DG-4 was achieved by
offsetting the output galvanometer. The output for each setting was mea-
sured with a power meter (Thorlabs PM100D) under the 40� objective
in air. Taking into account the field of illumination under water immer-
sion, the light intensity per area on the specimen was estimated, as given
in the Results section and figures. Light stimuli were triggered via the data
acquisition software with voltage steps (�500 �s delay to light onset
according to the manufacturer and own measurements using a photo-
diode). A stimulus trial consisted of eight 2 ms light pulses interleaved by
5 s. For analysis, responses to the eight light pulses were averaged for each
experimental condition and time point. All values in the text are given as
mean � SEM.

Pharmacology. Aqueous stock solutions were prepared from the fol-
lowing antagonists at the following concentrations: 10 mM methyllyca-
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conitine (MLA; Sigma M168), 100 mM

mecamylamine (MEC; Sigma M9020) and 1
mM �-BTX (Tocris Bioscience 2133). Picrotox-
inin (PTX; Sigma P8390) was dissolved in di-
methylsulfoxide at 50 mM. For experiments,
�-BTX was added directly to the bath with per-
fusion switched off. All other compounds were
diluted in external solution to concentrations
given in the results section and perfused over
the preparation at 2 ml/min.

Neurotransmitter pressure injection. All neu-
rotransmitters were dissolved in dH2O at 50
mM (glutamate) or 100 mM (acetylcholine,
GABA; all from Sigma; stocks kept aliquoted at
�20°C), diluted at day of experiment in exter-
nal solution to 1 mM with additional 10 �M

Alexa Fluor 488 hydrazide (Invitrogen), and
back-loaded into patch pipettes (�1 �m tip
diameter). The Alexa 488/neurotransmitter-
filled pipettes were connected via a holder and
rubber tube to a pressure-injection system
(FemtoJet; Eppendorf) that was triggered via
the MATLAB data acquisition software. During
recordings of LPTCs, the neurotransmitter-filled
pipettes were carefully positioned by a micro-
manipulator toward Alexa 488-filled LPTC
dendrites in the lobula plate under epifluores-
cence illumination and electrophysiological re-
sponses to brief puffs of neurotransmitters
(generally 100 ms) were monitored. Once ro-
bust responses remained stable for 5–10 min, a
protocol was started during which responses to
visual motion stimulation and transmitter
puffs were probed continuously every 1–2.5
min while antagonists were washed in and out via the perfusion system.
Ejection of Alexa 488/neurotransmitter solution from pipettes was con-
trolled in regular intervals under epifluorescence. For each cell and time
point, the average responses to five consecutive pressure pulses at inter-
vals of 5 s were analyzed. Responses were quantified by subtracting the
integrated voltage deviations during 1 s before stimulus trigger from 1 s
following stimulus trigger. This was done separately for positive and
negative values. For each cell and experiment, all positive and negative
integrals were normalized either to positive baseline values for acetylcho-
line injections or negative baseline values for GABA and glutamate injec-
tions. All values in the text are given as mean � SEM.

Results
T4/T5 cell numbers suggest eight distinct functional subtypes
T4/T5 cells represent the major small-field motion-sensitive in-
put elements to the lobula plate and are required for both pre-
ferred direction excitation and null direction inhibition of LPTCs
(Schnell et al., 2012). Golgi impregnations have identified eight
anatomical types (Fischbach and Dittrich, 1989) and Ca 2� imag-
ing data have categorized T4/T5 cells into eight functional sub-
groups: T4 and T5 cells are selective for moving positive and
negative contrast changes, respectively, but are otherwise indi-
vidually tuned to the same four cardinal directions of motion
(Maisak et al., 2013). This provides evidence that T4 and T5 cells
convey equivalent motion information to the lobula plate. We
aimed to determine whether apart from their anatomy and visual
response properties the T4/T5 cells could be further functionally
subdivided, for instance, into two antagonistic sets implementing
different transmitter systems. We reasoned that the total number
of T4 and T5 cells divided by approximately 750 ommatidia of a
Drosophila eye would yield the number of T4/T5 cells per column
and therefore the maximum number of different functional sub-
types repeated across the retinotopic array. To analyze T4/T5 cell

numbers we expressed a nuclear GFP marker using a T4/T5-
specific Gal4 line, generated confocal stacks of optic lobes, and
counted nuclei manually with the aid of a custom-made tracking
software. Our analyses yielded a total number of 5264 � 433 (SD)
T4 and T5 cells (N 	 4). If a set of T4/T5 cells were represented by
every retinotopic unit this would indicate a number of approxi-
mately seven cells per column, approximating eight. Taking into
account that a small fraction of cells might have escaped from
analysis or that numbers might be reduced toward the edges of
the visual field, this result is well in agreement with an electron
microscopy study that has identified four T4 cells per medulla
column each projecting to one of the four different lobula plate
layers (Takemura et al., 2013). In the light of these findings we
interpret our result such that in general for each ommatidium
each of the four lobula plate layers is innervated by one T4 and
one T5 terminal only, both tuned to the same direction of visual
motion but individually specialized for moving contrast incre-
ments and decrements, respectively.

Probing synaptic connectivity between T4/T5 and LPTCs
T4 and T5 cells receive synaptic input on their dendrites located
in the medulla and lobula, respectively, and convey signals to the
lobula plate where they are thought to connect to LPTC dendrites
via chemical synapses (Fig. 1A,C; Strausfeld and Lee, 1991).
Making use of specific T4/T5 driver lines (Fig. 1B–F) we set out to
probe the underlying connectivity by optically stimulating T4/
T5-expressing Channelrhodopsin2-H134R-mCherry while re-
cording the synaptic responses in LPTCs by whole-cell patch
clamp (Fig. 1A,B). Applying 2 ms blue light pulses at �3 mW
mm�2 (472 nm center wavelength, 30 nm bandwidth) to T4/
T5 � ChR2 brains resulted in a fast excitatory peak (latency

5.4 � 0.4 ms after onset of stimulus trigger) followed by an

Figure 1. Probing synaptic connectivity between T4/T5 and LPTCs. A, Schematic to illustrate anatomical layout of fly visual
neuropils medulla, lobula, and lobula plate. One LPTC of the vertical system (VS) is shown in green with recording electrode; the
dendrites arborize in layer 4 of the lobula plate. Examples of two T4 and two T5 cells are depicted in red that receive input onto their
dendrites in the medulla and lobula, respectively. Individual terminals providing synaptic input to the lobula plate are located
either in layer 3 or 4. Equivalent cells innervating layers 1 and 2 are omitted. A, anterior; P, posterior; M, medial; L, lateral. B, View
on a preparation from posterior onto the back of the head (right hemisphere). T4/T5 cells express mCherry-tagged ChR2–H134R
(red). A VS cell is filled via a patch electrode with a fluorescent dye (green). C–F, Single confocal images of horizontally sectioned
Drosophila brains. C, Immunostaining of GFP (green) and the presynaptic marker synaptotagmin-HA (sytHA, red) expressed in T4
and T5 cells, bruchpilot (brp) is labeled in blue for neuropil reference. sytHA clearly demarcates the four synaptic layers in the lobula
plate. D–F, ChR2–H134R-mCherry expression using three driver lines as used for optogenetic experiments. D, T4 and T5 cells; E, T4
cells only; F, cholinergic T4 and T5 cells.
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inhibitory trough (
11.2 � 0.2 ms) and a second smaller excit-
atory peak (
16.3 � 1.2 ms). The time course of the response was
highly reproducible as shown for four cells and a total number of
32 stimuli (Fig. 2A). Figure 2B (black trace) depicts the average of
the same trials with the shaded area indicating the SD. A concern
was the unintended stimulation of photoreceptors by the opto-
genetic light stimulus. To characterize visual artifacts we applied
blue light pulses to control flies without expression (T4/T5-Gal4
only) and observed an excitatory response in all preparations
starting with a latency of 8 ms and peaking at 
15.5 � 1.7 ms (Fig.
2B, blue trace). The relatively slow time course and long latency
of the retina artifact suggests that the initial biphasic depolarizing
and hyperpolarizing potential changes in T4/T5 � ChR2-
expressing flies are caused by synaptic input from optogenetically
stimulated T4/T5 cells to LPTCs with the second excitatory peak
being evoked by visual input. To further isolate the optogenetic
from the retina components we performed experiments in flies
without functional phototransduction (norpA7: phospholipase C
mutated; Hotta and Benzer, 1970). As expected, norpA7-mutant
flies without ChR2 expression did not show a response to blue
light pulses at the level of LPTCs (Fig. 2C, blue trace). Repeating
the same stimulation in the mutant background with additional
ChR2 expression in T4/T5 lead to an initial biphasic response as
in visually intact flies (Fig. 2C, black trace; latency excitatory
peak: 
5.4 � 0.4 ms, inhibitory trough: 
11.7 � 0.9 ms). This
result demonstrates that the biphasic response is generated exclu-
sively by optogenetic T4/T5 stimulation. It also supports the no-
tion that the formation of visual circuits in flies is largely
independent of sensory experience (Karmeier et al., 2001;
Hiesinger et al., 2006). Differences between visually intact and
blind flies were only discernible �8 ms after stimulus onset in
that LPTCs in norpA mutants presumably due to the lack of visual
input showed a sustained modest hyperpolarization with a time
constant of 0.1 s (Fig. 2, compare B and C, black traces).

We next investigated the dependence
of the optogenetic response on varying
stimulus intensities to obtain a quantita-
tive description of the underlying input–
output relationship (Fig. 2D,E). Several
features became apparent: (1) inhibition
had a higher threshold than excitation; (2)
the amplitudes increased approximately
proportional to the logarithm of the stim-
ulus intensity over a wide range; (3) the
latency of the excitatory peak was approx-
imately half of that for the inhibitory
trough, a ratio that remained fairly sta-
ble across a wide range of intensities;
and (4) at high light intensities the volt-
age progression became triphasic (not
quantified).

Since we measured the LPTC re-
sponses to stimulation of both T4 and T5
cells at the same time the question arises in
how far the two cell types might be differ-
entially connected to LPTCs. We made
use of a specific Gal4 line to optogeneti-
cally stimulate exclusively T4 cells (Figs.
1E, 2F). LPTC recordings show a biphasic
response to 2 ms blue light flashes that is
very similar to the joint T4/T5 stimulation
at comparable light intensities (Fig. 2,
compare C, black trace and F; latency ex-

citatory peak: 
5.9 � 0.4 ms, inhibitory trough: 
13.3 � 1.3 ms).
Due to the lack of a sufficiently selective driver line we were not
able to perform corresponding experiments with T5 cells. How-
ever, the identical effects of our optogenetic T4 and T4/T5 stim-
ulation argue that both cell types are synaptically connected to
LPTCs in similar ways and that the initial sharp EPSP arises by
direct excitation of LPTCs by both T4 and T5 terminals. This is to
be expected because T4 and T5 cells are individually tuned to
moving ON and OFF edges, respectively (Maisak et al., 2013),
while LPTCs reliably depolarize in response to both visual
stimuli.

The delayed hyperpolarization in LPTCs is less straightfor-
ward to explain and might be caused by one of the following
mechanisms, which we will further address below: (1) direct
synaptic inhibition by T4/T5 cells (slower than direct excitation);
(2) feedforward inhibition via an additional cell type between
T4/T5 and LPTCs; (3) LPTC intrinsic mechanisms, for instance,
depolarization-triggered opening of hyperpolarizing conduc-
tances; or (4) feedback inhibition postsynaptic of LPTCs.

T4/T5 cells are primarily cholinergic
Acetylcholine is the primary excitatory neurotransmitter in in-
sect CNS. It is reasonable to assume that at least a substantial
fraction of T4/T5 releases acetylcholine onto LPTCs since those
express nicotinic cholinergic receptors (nAChRs), depolarize in
response to acetylcholine and its agonist carbachol (Brotz and
Borst, 1996; Raghu et al., 2009), and receive excitatory preferred
direction input, which is eliminated when T4 and T5 cells are
genetically silenced (Schnell et al., 2012). However, LPTCs also
receive inhibitory null direction input, which is presumably
GABAergic (Brotz and Borst, 1996; Single et al., 1997; Raghu et
al., 2007). Moreover, genetic expression data and histochemistry
have indicated that T4 and T5 cells might also secrete GABA,
glutamate, and/or aspartate as neurotransmitters (Strausfeld et

Figure 2. Synaptic LPTC responses to optogenetic T4/T5 cell stimulation. A, Individual voltage traces of LPTCs (N 	 4) respond-
ing to optogenetic stimulation of T4 and T5 cells (T4/T5 � ChR2; n 	 32 stimuli total). Optic stimuli consisted of 2 ms wide-field
light flashes delivered through the microscope objective onto the preparation with a center wavelength and bandwidth of 472/30
nm and an intensity of �3 mW mm �2. LPTCs respond with initial biphasic voltage deflections consisting of a fast depolarization
and a subsequent hyperpolarization. B, Average of the same traces as in A in black, with SD as shaded area. The blue trace is the
response of LPTCs in control flies (Gal4 only) to the same stimulus (N 	 4), showing the retina input only. C, Same as B, but with
blind flies homozygously carrying the norpA7 mutation (black, N 	 7; blue, N 	 4). D, Same condition as for black trace in C, but
light intensity varied between 0.05 and 22 mW mm �2 (N 	 8, SD omitted for clarity). E, Responses were quantified and plotted
as absolute (abs.) amplitudes (black) and latencies (magenta) of peak maxima (solid lines) and trough minima (dashed lines). The
vertical gray line at 3 mW mm �2 denotes the approximate light intensity for all other optogenetic experiments except for
T4/T5/Cha-Split flies. F, Optogenetic stimulation of T4 cells only (norpA7 T4 � ChR2; 3 mW mm �2, N 	 5) evokes a biphasic
voltage response in LPTCs that is comparable to the joint T4/T5 cell stimulation.
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al., 1995; Sinakevitch and Strausfeld,
2004; Raghu and Borst, 2011). We there-
fore asked whether T4/T5 cells employ
neurotransmitters other than acetylcho-
line. First, we took an intersectional ge-
netic approach (“Split Gal4”; Luan et al.,
2006) to exclude potential noncholinergic
T4/T5 cells from ChR2 expression. We
targeted two functional domains (AD and
DBD) both required for UAS activation
independently to T4/T5 (R42F06-p65-
AD) and cholinergic cells (Cha-DBD; Gao
et al., 2008), respectively, by two different
regulatory elements. Thus, functional
transcription factor to activate UAS-ChR2
is reconstituted only in the intersection of the two expression
patterns, i.e., in cholinergic T4 and T5 cells. It should be noted
that in contrast to the other experimental backgrounds only a
single copy of ChR2 was included because homozygous animals
were not viable. Confocal images reveal that the resulting expres-
sion (T4/T5-p65-AD � Cha-DBD 	 T4/T5/Cha-Split � ChR2-
H134R-mCherry) is generally weaker but otherwise not obviously
different compared with T4/T5 � ChR2 (Fig. 1D,F). Notably,
optic stimulation of T4/T5/Cha-Split � ChR2 brains (with higher
intensities to compensate for weak expression: �30 mW mm�2)
resulted in initial biphasic synaptic responses in LPTCs that were
quite similar to the responses seen when driving ChR2 with T4/
T5-Gal4 (compare Figs. 3A, 2B, black trace). Second, we ex-
pressed a nuclear reporter (stinger-GFP) using the T4/T5-
specific driver line and stained brains with an antibody against
choline acetyltransferase (ChAT). Confocal imaging of optic
lobes revealed that 99.2% cells labeled with stinger-GFP colocal-
ized with anti-ChAT (Fig. 3B,B�). We also labeled GABAergic
neurons in brains of the same genotype with an antibody against
vesicular GABA transporter (vGAT). The vast majority (97.6%)
of stinger-GFP-labeled cells was clearly vGAT negative (Fig.
3C,C�). Therefore, assuming that T4/T5 cells transmit a single
fast neurotransmitter, we conclude that T4/T5 cells are not
GABAergic but instead primarily cholinergic.

Pharmacologic profile of lobula plate tangential cells
The data so far strongly suggest that T4/T5 cells represent a ho-
mogenous group with respect to their cholinergic transmitter
phenotype. Therefore, the biphasic effect observed in the LPTC
membrane potential upon T4/T5 stimulation must arise by
mechanisms postsynaptic of T4/T5 terminals. One possibility
might be the existence of antagonistic cholinergic receptors ex-
pressed in LPTC dendrites, since both excitatory and inhibitory
acetylcholine-gated channels have been documented in inverte-
brates (Pfeiffer-Linn and Glantz, 1989; Dent, 2010). However,
this scenario seems unlikely because acetylcholine and its agonist
carbachol elicit strong depolarizations but no hyperpolarizations
in LPTCs in Calliphora and Drosophila (Brotz and Borst, 1996;
Raghu et al., 2009). We aimed to confirm and extend these find-
ings by dissecting the direct and indirect effects of neurotransmit-
ters pharmacologically. To this end, we pressure injected
neurotransmitters via micropipettes into the lobula plate while
simultaneously recording from LPTCs. In agreement with the
previous studies, injection of 1 mM acetylcholine generated
strong excitatory peaks in LPTCs (Fig. 4A–C, white arrows;
�10.9 � 0.7 mV, N 	 18). In 17/18 cases, the excitation was
followed by a clear hyperpolarizing response smaller in ampli-
tude (�1.9 � 0.27 mV, N 	 18) but with a prolonged time course

(Fig. 4A–C, black arrows), reminiscent of the T4/T5 optogenetic
stimulation effect albeit on a longer timescale due to the slower
stimulus delivery. To quantify these effects relative to each other
we divided the negative by the positive stimulus-evoked response
integral (see Material and Methods) and obtained a relationship
of �0.84 � 0.16. We then performed acetylcholine injection ex-
periments under conditions where synaptic transmission is si-
lenced (Fig. 4D; N 	 7, external solution without Ca 2� and with
high Mg 2� concentration). We found excitatory responses com-
parable to the condition with intact synaptic transmission
(�13.5 � 1.1 mV). However, hyperpolarization was almost ab-
sent (�0.3 � 0.08 mV) and averaged integrated responses rela-
tive to excitation amounted to a significantly smaller value
(�0.1 � 0.02) compared with the normal condition (Wilcoxon
rank sum test, �0.84 � 0.16 vs �0.1 � 0.02: p 	 0.001). These
results demonstrate that acetylcholine injection evokes a direct
depolarizing and an indirect hyperpolarizing response in LPTCs.
Moreover, this outcome corroborates the notion that alone ace-
tylcholine release from optogenetically stimulated T4/T5 might
underlie the biphasic response in LPTCs. We went on to explore
the sensitivity of LPTCs to two other prevalent neurotransmit-
ters. Both pressure-applied GABA and glutamate elicited pro-
nounced inhibitory potential changes (Fig. 4E–H) suggesting
that both GABA- and glutamate-gated chloride channels (Cle-
land, 1996; Hosie et al., 1997) are expressed in LPTCs.

Next, we used the pressure-injection assay to establish speci-
ficity and effectiveness of available cholinergic and GABAergic
antagonists. We consider this strategy essential because neuro-
toxins can display a considerable degree of cross-reactivity par-
ticularly for the functionally diverse group of phylogenetically
related pentameric ionotropic receptors in insects (Bai et al.,
1992; Barbara et al., 2005; Dent, 2010). We thus combined ace-
tylcholine pressure injection into the lobula plate with patch-
clamp recordings from LPTCs and bath perfusion of the nicotinic
antagonists MLA, �-BTX (both competitive), and MEC (non-
competitive). We found that 1 �M MLA was most effective and
irreversibly eliminated all acetylcholine responses within 10 –15
min after administering the drug (Fig. 4A–A�). MEC was less
potent and reduced both depolarizing and hyperpolarizing re-
sponses at a concentration of 100 �M to 9 and 5%, respectively,
with a similar time course (Fig. 4B–B�). This effect, however, was
reversible (110% for depolarization and 80% for hyperpolariza-
tion) after washing for �40 min (N 	 7; Fig. 4B�, dashed trace).
Depolarization in response to acetylcholine was also blocked by
10 �M �-BTX (30%) within 40 min (Fig. 4C–C�). The longer time
course is presumably due to the much larger molecular weight of
the �-BTX peptide compared with the other compounds or the
different delivery (see Material and Methods). Notably, in con-

Figure 3. T4 and T5 cells are primarily cholinergic. A, Optogenetic stimulation of exclusively cholinergic T4/T5 cells leads to
initial depolarization and subsequent hyperpolarization in LPTCs (Split-Gal4 approach: T4/T5–p65-AD � Cha-DBD � ChR2; 30
mW mm �2, N 	 8), comparable to T4 and T4/T5 cell stimulation as in Figure 2. The following second excitatory peak is likely
caused by retina input. B–C�, Confocal images of immunostained T4/T5-Gal4�UAS-sti-GFP-expressing brains reveal that the vast
majority of T4/T5 cells are (B, B�; 2696/2717: 99.2%) positive for ChAT and (C, C�; 2444/2503: 97.6%) negative for vGAT. Scale bars:
B, C, 20 �m; for enlarged insets (B�, C�) 5 �m .
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trast to MLA and MEC, �-BTX did not significantly change the
indirect inhibitory effect of acetylcholine, which remained at
106% of baseline level. Because insect nAChR subunits are
known to substantially differ in their sensitivity to �-BTX (Thany
et al., 2007, 2010) this result indicates that �-BTX-sensitive re-
ceptors might be expressed on LPTCs while �-BTX-insensitive
receptors are located on another cell type also activated by ace-
tylcholine and providing inhibitory input to LPTCs. We con-
firmed that the hyperpolarizing component in LPTCs in response
to acetylcholine in presence of �-BTX is indeed indirect, since, as
for the baseline, it is absent in conditions where synaptic release is
prevented (Fig. 4D–D�).

We then tested the noncompetitive GABA receptor antagonist
PTX in combination with GABA injection onto LPTC dendrites.
As expected, 25 �M PTX effectively reduced the hyperpolarizing
GABA response to 7% (Fig. 4E–E�; recovery 90% after 50 – 60 min
wash; Fig. 4E�, dashed trace). As a control, we confirmed that the
cholinergic antagonist MLA did not have any effect on GABA-
evoked hyperpolarization, which remained reliably at baseline
levels throughout drug treatment (Fig. 4F–F�). Since glutamate
also produces hyperpolarizing conductances in LPTCs in our
assay, we wanted to test a potential blocking action of PTX on
those. Indeed, PTX reduced glutamate responses to 25% (Fig.
4G–G�; recovery 86% after 30 – 60 min wash; Fig. 4G�, dashed
trace) indicating that PTX does not selectively block GABA-gated
receptors but also other ligand-gated chloride channels in insects,
in line with previous accounts (Rohrbough and Broadie, 2002;
Barbara et al., 2005; Liu and Wilson, 2013). As in combination
with GABA, MLA had no discernible effect on the LPTC re-
sponses to glutamate (Fig. 4H–H�).

Feedforward inhibition from T4/T5 to LPTCs
The experiments above established that T4/T5 cells are cholin-
ergic and that pressure-applied acetylcholine elicits monosynap-
tic depolarizing responses in LPTCs. Hence, acetylcholine release
from T4/T5 cells most likely directly excites tangential cells. In
contrast, the inhibitory component of the biphasic synaptic re-
sponse in LPTCs upon optogenetic T4/T5 stimulation is proba-
bly indirectly elicited by yet unidentified inhibitory neurons. To
further demonstrate this point, we compared LPTC responses to
optogenetic stimulation of T4/T5 cells before and after the appli-
cation of the cholinergic antagonists characterized above. Since
the action of pharmacologic substances build up rather slowly in
vivo we wanted to control for unspecific changes of the synaptic
response in LPTCs over time, for instance, caused by synaptic
depletion. However, we observed that the biphasic LPTC re-
sponse did not substantially change at least over 50 individual
stimulations and 40 min recording time (Fig. 5A, the black trace
represents average baseline responses, the red trace recordings
from the same cells 40 min later). Next, we combined T4/T5
stimulation with bath application of the potent and specific cho-
linergic antagonist MLA. Indeed, in full agreement with indirect
synaptic inhibition, both the excitatory and the inhibitory re-
sponses were almost completely eliminated within 15 min after
applying the drug (Fig. 5B, red trace). We then combined T4/T5
stimulation with the less potent cholinergic antagonist MEC (Fig.
5C). Now, the inhibitory component was abolished but a slowed
excitatory component remained. Like in the acetylcholine pres-
sure application assay, effects of MEC were largely reversible
(data not shown). The residual excitation in presence of MEC
with absent inhibition could mean that cholinergic receptors on

Figure 4. Responses to neurotransmitter injections and pharmacologic profile of LPTCs. A–H, Representative average voltage traces from single LPTCs in response to five neurotransmitter
pressure injections onto the dendrites in the lobula plate are shown (100 ms pulses indicated by small gray bars, neurotransmitters at 1 mM concentration indicated at the top). A–C, Acetylcholine
injection evokes an initial depolarizing peak (white arrow) and a subsequent hyperpolarization (black arrow) in LPTCs. D, In conditions where synaptic transmission is silenced (zero Ca 2�, high
Mg 2� concentration in external solution) depolarization is still present while hyperpolarization is almost completely absent. E–H, Both GABA and glutamate injection leads to strong hyperpolar-
ization in all cells recorded. A�–H�, Responses from the same cells after application of the indicated antagonists: (A�) 15 min 1 �M MLA, (B�) 15 min 100 �M MEC, (C�� D�) 40 min 10 �M �-BTX,
(E�� G�) 10 –15 min 25 �M PTX, (F�� H�) 25 min 1 �M MLA. The dashed traces in B�, E�, and G� denote responses after 30 – 60 min wash following MEC or PTX treatment. MLA and �-BTX effects
could not be washed out effectively. A�–H�, Responses of individual cells were quantified as positive (black bars) and negative integrals (gray bars; the period 1 s before the stimulus was used as a
baseline and subtracted away from the response 1 s after the stimulus; error bars denote SEM) normalized to the baseline depolarization for acetylcholine and baseline hyperpolarization for GABA
and glutamate. A�, N 	 5, B�, N 	 8, C�, N 	 5, D�, N 	 4, E�, N 	 5, F�, N 	 2, G�, N 	 5, H�, N 	 2. Two-tailed Wilcoxon rank-sum test: n.s., Not significant; p � 0.3; *p  0.05; **p � 0.01;
***p  0.001.
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LPTCs are less affected by MEC than re-
ceptors on the putative inhibitory neuron
type. The existence of nAChRs that differ
in their sensitivity to MEC has, for in-
stance, been suggested in cockroach DUM
neurons (Courjaret and Lapied, 2001).
Alternatively, regardless of nicotinic re-
ceptor properties, the putative inhibitory
interneurons might have a higher thresh-
old to become activated by T4/T5 cells
than the LPTCs. The latter explanation is
supported by experiments in which re-
duced light intensities were applied to op-
togenetically stimulate T4/T5 cells (0.5
mW mm 2). Similar to MEC treatment,
low light intensities resulted in slow and
predominantly depolarizing responses in
LPTCs (Fig. 2D,E). We wondered how
the biphasic response would be affected by
the more selective drug �-BTX. As ex-
pected, the excitatory peak was effectively
reduced (Fig. 5D, red trace). However, the
IPSP was virtually unchanged similar to
the result obtained by acetylcholine injec-
tion into the lobula plate (Fig. 4C–C�).
This finding demonstrates that T4/T5-
mediated inhibition in LPTCs does not
require a preceding depolarization in
those and thus rules out LPTC-intrinsic
depolarization-triggered processes and
feedback inhibition downstream of
LPTCs. This conclusion is also supported
by direct stimulation of ChR2-expressing
tangential cells, which produced strong
depolarizations without following hyper-
polarizing troughs (N 	 3, data not
shown). Given that at least 10 nAChR
subunits are encoded by the Drosophila
genome (Jones and Sattelle, 2010), and
expressed in various combinations in the
optic lobe (Takemura et al., 2011), our ex-
periments point toward a more complex
connectivity between T4/T5 and LPTCs
than just a direct cholinergic synapse.
Rather, T4 and T5 cells additionally acti-
vate a yet unidentified cell type potentially
expressing �-BTX-insensitive receptors,
which in turn supplies inhibition to
LPTCs.

Furthermore, we also combined op-
togenetic T4/T5 stimulation with bath
perfusion of PTX (Fig. 5E). LPTCs re-
sponded with depolarizations of rise
time kinetics similar to the baseline but
with enhanced peak amplitude. Impor-
tantly, fully in agreement with an indi-
rect inhibitory synaptic connection from T4/T5 to the LPTCs,
PTX strongly delayed and reduced hyperpolarizing effects of
T4/T5 optogenetic stimulation. Since hyperpolarizing re-
sponses of LPTCs to both GABA and glutamate injection
could be blocked by PTX (Fig. 4E�,G�) this indicates that the
postulated inhibitory cell type could be either GABAergic or
glutamatergic.

Discussion
The visual ganglia of insects have been powerful model systems to
address questions related to visual processing and circuit func-
tion largely because of experimental accessibility and the exis-
tence of individually identifiable neurons (Borst, 2009; Borst et
al., 2010; Fotowat and Gabbiani, 2011; Homberg et al., 2011).
However, due to the intricate connectivity and small sizes of most

Figure 5. Effects of neurotransmitter antagonists on T4/T5-mediated synaptic potentials in LPTCs. A, Biphasic LPTC voltage
response to optogenetic T4/T5 cell stimulation (T4/T5 � ChR2; 2 ms 472/30 nm at �3 mW mm �2) over at least 50 individual
stimulations and 40 min recording time (N	5; black, baseline; red, the same cells 40 min later). Amplitude and dynamics have not
obviously changed over time. B–E, Responses of LPTCs (same genotype and stimulation) before (black trace) and after (red trace)
indicated drug application (1 �M MLA: N 	5, 15 min; 100 –200 �M MEC: N 	4, 15 min; 10 �M �-BTX: N 	6, 40 min; 25 �M PTX:
N 	 7, 15 min). The schematic insets illustrate the connectivity supported by the data between T4/T5 and LPTCs with a direct
excitatory connection and an inhibitory indirect arm. Synaptic targets of the individual antagonists are indicated with red crosses.
The bracketed cross for MEC treatment indicates a potentially incomplete block. F, Connectivity model of the lobula plate that
incorporates results from this study as well as previously published data (see Discussion). T4 and T5 cells terminate in one of four
lobula plate layers according to their direction tuning where they directly connect to LPTC dendrites (yellow) in the same layer via
cholinergic synapses and thus provide preferred direction excitation. T4 and T5 cells with opposite tuning terminate in the adjacent
layer and provide feedforward null direction input to the same LPTC via putative GABAergic or glutamatergic inhibitory neurons.
The inferred synaptic blocking sites of the antagonists (red) are indicated.
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visual interneurons detailed circuit information has been diffi-
cult to establish. Here, we present a strategy to probe functional
synaptic connectivity between identified neurons in Drosophila
by combining optogenetic stimulation, electrophysiology, and
pharmacology. The outcome of this work reveals a new synaptic
processing stage in the fly motion vision circuitry.

Our experiments have established that wide-field visual
motion-sensitive lobula plate tangential cells receive fast excita-
tion when T4/T5 cells are optogenetically stimulated. We have
shown that the excitatory input is cholinergic because it can be
effectively blocked by selective nicotinic antagonists. The short
latency of the optogenetic response (3 ms after light onset; not
taking into account the delay caused by ChR2-H134R opening
kinetics) suggests that this excitatory cholinergic connection of
T4/T5 cells onto LPTCs is most likely direct, well in agreement
with functional, light microcopy and ultrastructure data (Fisch-
bach and Dittrich, 1989; Strausfeld and Lee, 1991; Schnell et al.,
2012; Maisak et al., 2013). Moreover, all T4/T5 somata are labeled
by a choline acetyltransferase-specific antibody and acetylcholine
pressure injection onto LPTC dendrites also elicits strong excit-
atory peaks in conditions where synaptic release is blocked (zero
Ca 2�/high Mg 2�). These optogenetic and pressure injection par-
adigms provide opportunities to explore synaptic ligand-gated
receptors and their pharmacologic profiles on the level of indi-
vidually identifiable neurons. In Drosophila, 10 nAChR subunits
have been identified but their individual properties are not well
understood largely because heterologous expression of func-
tional insect nAChRs has been exceedingly difficult (Sattelle et al.,
2005; Thany et al., 2007; Jones and Sattelle, 2010; Millar and
Lansdell, 2010). LPTCs have been proposed to express D�7
nAChR subunits (Raghu et al., 2009) that are candidates to form
channels of an �-BTX-sensitive type (Thany et al., 2007). In line
with this view, depolarizing responses to acetylcholine and car-
bachol can be largely eliminated by �-BTX (Fig. 4D–D�; Brotz
and Borst, 1996). Somewhat surprisingly, however, in D�7-
mutant flies visual responses in LPTCs are largely unaltered and a
fluorophore-conjugated �-BTX probe still binds to LPTC den-
drites (Raghu et al., 2009) suggesting that other �-BTX-sensitive
subunits can substitute for D�7 absence. It remains to be seen
whether the cholinergic receptors are of heteromeric or homo-
meric types. Transcript profiling of individual LPTCs could
help to assign nicotinic subunit composition to identified neu-
rons (Takemura et al., 2011) and perhaps also reveal post-
transcriptional modifications that might further functionally
diversify receptors in a cell-specific manner (Sattelle et al., 2005).
This approach in combination with whole-cell recordings, opto-
genetic stimulation, neurotransmitter injection, and genetic ma-
nipulation would open up this system for detailed analyses of the
pharmacologic properties of nicotinic and other channels at the
level of individual subunits and functional domains.

In addition to direct excitation, both optogenetic stimulation
of T4/T5 cells and acetylcholine pressure injection onto LPTC
dendrites elicit delayed hyperpolarization. This inhibitory com-
ponent is indirect because it can be eliminated by the cholinergic
antagonists MLA and MEC (Figs. 4A–A�,B–B�, 5B,C) and be-
cause it is absent for acetylcholine injection when synaptic trans-
mission is blocked (Fig. 4D). We therefore propose that
cholinergic T4/T5 cells excite yet unidentified local interneurons,
which supply inhibition to LPTCs. Such putative local interneu-
rons might express acetylcholine receptors of an �-BTX-
insensitive type because this neurotoxin had no effect on
inhibition evoked by optogenetic T4/T5 cell stimulation and ace-
tylcholine injection (Figs. 4C–C�, 5D). What is the functional

significance of the T4/T5 cell-mediated direct excitation and in-
direct inhibition onto LPTCs? During visual stimulation, LPTCs
receive two kinds of inputs: excitation tuned to their preferred
direction and inhibition tuned to the opposite/null direction.
Since T4/T5 cells have been identified to represent the motion-
sensitive input elements to the lobula plate (Schnell et al., 2012;
Maisak et al., 2013; Takemura et al., 2013) three scenarios seemed
conceivable to underlie preferred and null direction responses in
LPTCs. (1) T4/T5 cells convey signals to LPTCs via a single
neurotransmitter with graded positive and negative release mod-
ulations from a spontaneous level, similar to photoreceptor ter-
minals. (2) Synaptic connections between T4/T5 and LPTCs
comprise two antagonistic types, for instance, implementing dif-
ferent transmitter systems mediating oppositely tuned excitation
and inhibition. In line with this model T4 and T5 cells have been
suggested to release acetylcholine, GABA, glutamate, and aspar-
tate as neurotransmitters (Strausfeld et al., 1995; Sinakevitch and
Strausfeld, 2004; Raghu and Borst, 2011; Raghu et al., 2011). (3)
Excitatory output from T4/T5 cells is partly sign inverted and fed
forward to LPTCs by inhibitory cells in a direction-specific man-
ner. Possibility 1 appears highly unlikely on the basis of current
injections in LPTCs during visual motion stimulation (Borst et
al., 1995, 2010; Joesch et al., 2008). These experiments reveal that
the synaptic currents underlying preferred and null direction re-
sponses are mediated by different synaptic receptors because the
responses have markedly different reversal potentials. As for the
remaining possibilities, previous data (Fischbach and Dittrich,
1989; Maisak et al., 2013; Takemura et al., 2013) and our cell
counts indicate eight functional types of T4/T5 per retinotopic
column: each tuned to one of two contrast polarities and one of
the four cardinal directions of motion. This number is difficult to
reconcile with the second model, because it would require a fur-
ther subdivision of T4/T5 cells according to transmitter profile.
Moreover, individual LPTC dendrites generally do not anatomi-
cally overlap with T4/T5 terminals tuned to the LPTC’s null di-
rection. Rather, our results clearly support the third possibility
because, as we have shown, all T4/T5 cells are in fact cholinergic
and supply direct excitation and indirect inhibition to LPTCs.

We thus favor a model where LPTC dendrites receive cholin-
ergic input during preferred direction motion from T4/T5 termi-
nals in one layer of the lobula plate where they overlap, and input
from the neighboring layer conveyed by yet unidentified inhibi-
tory cells during null direction motion (Fig. 5F). Furthermore,
the postulated inhibitory neurons might additionally inhibit pre-
synaptic T4/T5 terminals in the adjacent layer and thereby antag-
onize excitatory inputs to tangential cells both presynaptically
and postsynaptically at the same time. Such a wiring would con-
stitute a recurrent inhibitory motive and potentially explain why
optogenetic stimulation of all T4/T5 cells with high intensities
generates a triphasic voltage progression in tangential cells (Fig.
2D, red trace). In line with this idea, prolonged optogenetic
T4/T5 cell stimulation evokes membrane potential oscillations in
tangential cells (data not shown). The transmitter used by neu-
rons responsible for null direction inhibition has been suggested
to be GABA. This conclusion is primarily based on experiments
in which PTX has been used to block inhibition (Schmid and
Bülthoff, 1988; Egelhaaf et al., 1990; Brotz and Borst, 1996; Single
et al., 1997). However, we have found that LPTCs respond with
hyperpolarization both to GABA and to glutamate injection, and
that both responses can be blocked by PTX. These results chal-
lenge the notion that GABA underlies the null direction re-
sponses in LPTCs and suggest glutamate as another candidate
neurotransmitter that should be taken into consideration.
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The identification of the neurons underlying null direction
inhibition will be required for the verification of the underlying
neurotransmitter system and to complete the suggested wiring
model of the lobula plate. Previous anatomical studies might
provide an entry point. Fischbach and Dittrich (1989), Raghu et
al. (2011, 2013), and Raghu and Borst (2011) describe cells such
as Tlp, Lpi, and Y neurons, which arborize in more than one
lobula plate layer but also in other neuropils and are therefore not
immediately persuasive to fulfill the postulated role. Additional
anatomically analyses and identification of novel cell types might
therefore be necessary. Genetic control over the postulated inhib-
itory neurons would facilitate the study of the integration and
functional implications of antagonistic preferred and null direc-
tion inputs on tangential cells. Depending on the anatomical and
physiological properties of the postulated inhibitory cells some
null direction-specific processing might occur. For instance,
while ON and OFF motion vision pathways likely converge first
at the level of the tangential cells during preferred direction mo-
tion (Maisak et al., 2013), it remains to be determined whether
null direction ON and OFF motion signals are perhaps integrated
in the inhibitory neurons presynaptic to tangential cells.
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