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Selectivity in Drosophila T4 Neurons
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An important step in neural information processing is the transformation of membrane voltage into calcium signals leading
to transmitter release. However, the effect of voltage to calcium transformation on neural responses to different sensory stim-
uli is not well understood. Here, we use in vivo two-photon imaging of genetically encoded voltage and calcium indicators,
ArcLight and GCaMP6f, respectively, to measure responses in direction-selective T4 neurons of female Drosophila.
Comparison between ArcLight and GCaMP6f signals reveals calcium signals to have a significantly higher direction selectivity
compared with voltage signals. Using these recordings, we build a model which transforms T4 voltage responses into calcium
responses. Using a cascade of thresholding, temporal filtering and a stationary nonlinearity, the model reproduces experimen-
tally measured calcium responses across different visual stimuli. These findings provide a mechanistic underpinning of the
voltage to calcium transformation and show how this processing step, in addition to synaptic mechanisms on the dendrites
of T4 cells, enhances direction selectivity in the output signal of T4 neurons. Measuring the directional tuning of postsynaptic
vertical system (VS)-cells with inputs from other cells blocked, we found that, indeed, it matches the one of the calcium sig-
nal in presynaptic T4 cells.
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Significance Statement

The transformation of voltage to calcium influx is an important step in the signaling cascade within a nerve cell. While this
process has been intensely studied in the context of transmitter release mechanism, its consequences for information trans-
mission and neural computation are unclear. Here, we measured both membrane voltage and cytosolic calcium levels in direc-
tion-selective cells of Drosophila in response to a large set of visual stimuli. We found direction selectivity in the calcium
signal to be significantly enhanced compared with membrane voltage through a nonlinear transformation of voltage to cal-
cium. Our findings highlight the importance of an additional step in the signaling cascade for information processing within
single nerve cells.

Introduction
Neurons encode information via graded changes in membrane
potential or action potential frequency. Mostly, they communi-
cate via chemical synapses which require the release of neuro-
transmitters. When the presynaptic membrane is sufficiently
depolarized, voltage-gated calcium channels open and allow cal-
cium to enter the cell (Luo, 2020). Calcium entry leads to the
fusion of synaptic vesicles with the membrane and the release of

neurotransmitter molecules into the synaptic cleft (Chapman,
2002). As neurotransmitters diffuse across the synaptic cleft, they
bind to receptors in the postsynaptic membrane, causing the
postsynaptic neurons to depolarize or hyperpolarize. This way,
information is passed from presynaptic to postsynaptic neurons
(Di Maio, 2008). Voltage to calcium transformation, therefore,
represents a crucial step in neural information processing and
neural computation.

A classic example of neural computation is how Drosophila
neurons compute the direction of visual motion (Borst and
Helmstaedter, 2015; Yang and Clandinin, 2018; Borst et al., 2019,
2020). In Drosophila, visual information is processed in parallel
ON (contrast increments) and OFF (contrast decrements) path-
ways (Joesch et al., 2010; Eichner et al., 2011; Strother et al., 2014).
Three synapses downstream of photoreceptors, direction selectiv-
ity emerges in T4 cells of the ON pathway and in T5 cells of the
OFF pathway (Maisak et al., 2013). There exist four subtypes of T4
and T5 cells (Fischbach and Dittrich, 1989; Takemura et al., 2017;
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Shinomiya et al., 2019), each responding selectively to one of the
four cardinal directions (Maisak et al., 2013; Haag et al., 2017;
Wienecke et al., 2018). The presynaptic inputs to T4 and T5 cells
have been described in great detail (Behnia et al., 2014; Ammer et
al., 2015; Serbe et al., 2016; Yang et al., 2016; Arenz et al., 2017;
Takemura et al., 2017; Kohn et al., 2021; Gonzalez-Suarez et al.,
2022; Groschner et al., 2022). Different studies provided evidence
that T4 and T5 cells become selective for the direction of motion
by preferred direction (PD) enhancement (Fisher et al., 2015;
Salazar-Gatzimas et al., 2016; Groschner et al., 2022), by null direc-
tion (ND) suppression (Gruntman et al., 2018, 2019), and by a
combination of both mechanisms (Haag et al., 2016, 2017; Leong
et al., 2016).

Amazingly, right at the first stage where direction selectivity
emerges, T4 and T5 cells exhibit a high degree of direction selec-
tivity, with strong responses to preferred direction stimuli and
weak or no responses to null direction stimuli. This statement is,
however, based on calcium recordings (Maisak et al., 2013;
Fisher et al., 2015; Haag et al., 2017; Wienecke et al., 2018).
Voltage recordings show a somewhat different picture: while pre-
ferred direction stimuli also lead to large membrane depolariza-
tions, edges or gratings moving along the null direction elicit
smaller but significant depolarizing membrane responses as well
(Gruntman et al., 2018, 2019; Wienecke et al., 2018; Groschner
et al., 2022). This discrepancy between calcium and voltage sig-
nals hints at an additional processing step where voltage signals
are transformed into calcium signals that increase the direction
selectivity of the cells. In order to study this step systematically,
we recorded both voltage and calcium fluorescence signals in
response to a large stimulus set that includes gratings and edges
moving along various directions at different speeds and con-
trasts. Since the calcium and voltage signals might be different in
the dendrites and the axon terminals of T4-cells, we compared
the directional tuning between the different compartments.
Using these data, we built a model that captures the transforma-
tion from voltage to calcium by a combination of linear and non-
linear processing steps. Measuring the directional tuning in
postsynaptic vertical system (VS)-cells while blocking input from
other cells, we found it to match the narrow tuning of the cal-
cium signal in presynaptic T4 cells. Therefore, we conclude that
the output of T4 cells reflects the tuning of its calcium signal.

Materials and Methods
Flies
Flies (Drosophila melanogaster) were raised at 25°C and 60% humidity
on a 12/12 h light/dark cycle on a standard cornmeal agar medium.
Female flies 1–7 d after eclosion were used for the experiments. For cal-
cium imaging experiments, genetically-encoded calcium indicator
GCaMP6f (Chen et al., 2013) was expressed in T4c neurons with axon
terminals predominantly in layer three of the lobula plate. Similarly, for
voltage imaging experiments, the genetically-encoded voltage indicator
(GEVI) ArcLight (Cao et al., 2013) was expressed in T4c neurons. The
flies’ genotypes were as follows:

1. T4c.GCaMP6f: w1; VT15785-Gal4AD/UAS-GCaMP6f; VT50384-
Gal4DBD/UAS-GCaMP6f

2. T4c.ArcLight: w1; VT15785-Gal4AD/UAS-ArcLight; VT50384-
Gal4DBD/1

For Mi1 and Tm3 experiments, the flies’ genotypes were as follows:

1. Mi1.GCaMP6f: w1; R19F01-Gal4AD/UAS-GCaMP6f; R71D01-
Gal4DBD/UAS-GCaMP6f

2. Mi1.ArcLight: w1; R19F01-Gal4AD/UAS-ArcLight; R71D01-
Gal4DBD/1

3. Tm3.GCaMP6f: w1; R13E12-Gal4AD/UAS-GCaMP6f; R59C10-
Gal4DBD/UAS-GCaMP6f

4. Tm3.ArcLight: w1; R13E12-Gal4AD/UAS-ArcLight; R59C10-
Gal4DBD/1

For VS recordings, the flies’ genotypes were as follows:
T4c/T5c.TNT: w-/w1; VT50384-lexA/13xlexAop-IVS-TNT:HA

For the whole-brain image (Fig. 1A), brains were dissected in PBS and
then fixed in 4% paraformaldehyde (PFA; in PBS with 0.1% Triton X-
100). Afterwards, brains were washed three times in PBT (PBS1 0.3%
Triton X-100), blocked in 10% normal goat serum (NGS; in PBT) and
then incubated with the primary antibody (antibody in 5% NGS in PBT)
for 2 d. Next, brains were washed in PBT overnight and then incubated
with the secondary antibody for 2–3d. Brains were then washed in PBT
overnight, briefly rinsed with PBS and mounted in Vectashield
(VectorLabs). Primary antibodies were used at dilutions of 1:25 (anti-
nc82) or 1:1000 (anti-GFP). All secondary antibodies were used at a dilu-
tion of 1:500. Confocal images were acquired with a Leica SP8 confocal
microscope at a resolution of 1024� 1024 pixels. We used 488 nm and
633 nm lasers and HyD detectors and a Leica 63� glycerol objective.
Image processing was performed with ImageJ/Fiji.

Calcium and voltage imaging
For imaging experiments, fly surgeries were performed as previously
described (Maisak et al., 2013). Briefly, flies were anesthetized with CO2

or on ice, fixed with their backs, legs and wings to a Plexiglas holder with
the back of the head exposed to a recording chamber filled with a fly
external solution. The cuticula at the back of the head on one side of the
brain was cut away with a fine hypodermic needle and removed together
with air sacks covering the underlying optic lobe. The neuronal activity
was then measured from the optic lobe with a custom-built two-photon
microscope as previously described (Maisak et al., 2013). Images were
acquired at 64� 64 pixels resolution and frame rate of 13Hz with the
Scanimage software in MATLAB (Pologruto et al., 2003).

Electrophysiology
Patch-clamp recordings from vertical system (VS) tangential cells
were performed as previously described in Ammer et al., 2015.
Briefly, the brain of the fly was visualized with an upright micro-
scope (Axiotech Vario 100, Zeiss) equipped with a 40� water-
immersion objective (LumPlanFL, NA 0.8, Olympus), a Hg-light
source (HXP-120, Visitron Systems) and polarization filters for
contrast enhancement. A glass electrode filled with collagenase
(Collagenase IV, Invitrogen, 0.5 mg ml in extracellular saline) was
used to expose the somata of LPTCs. Somata of VS-cells were
patched with a glass electrode (5– 9 MX) filled with internal solu-
tion (140 mM potassium aspartate, 10 mM HEPES, 4 mM MgATP,
0.5 mM Na-GTP, 1 mM EGTA, 1 mM KCl, and 0.03 mM Alexa 568–
hydrazide sodium, pH 7.26, 265 mOsm). Recordings were performed
with an NPI BA-1S amplifier (NPI Electronics) in current-clamp bridge
mode, low-pass filtered with a cutoff frequency at 3 kHz and digitized at
10 kHz.

Visual stimulation
For the study of visual responses of T4c cells, visual stimuli were pre-
sented on a custom-built projector-based arena as described in Arenz
et al., 2017. Two micro-projectors (TI DLP Lightcrafter 3000) were
used to project stimuli onto the back of an opaque cylindrical screen
covering 180° in azimuth and 105° in elevation of the fly’s visual field.
To increase the refresh rate from 60 to 180Hz (at eight-bit color
depth), projectors were programmed to use only green LED (OSRAM
L CG H9RN) which emits light between 500- and 600-nm wavelength.
Two long-pass filters (Thorlabs FEL0550 and FGL550) were placed in
front of each projector to restrict the stimulus light to wavelengths
above 550 nm. This prevents overlap between fluorescence signal and
arena light spectra. To allow only the fluorescence emission spectrum
to be detected, a bandpass filter (Brightline 520/35) was placed in
front of the photomultiplier. Stimuli were rendered using custom-
written software in Python 2.7.
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Stimuli
Stimuli were presented with three to five repetitions per experiment
randomly. To measure the directional and speed tuning, square-wave
gratings with a spatial wavelength of 30° spanning the full extent of
the stimulus arena were used. The gratings were moved along 12
different directions from 0° to 360° at four different speeds (15°/s,
30°/s, 60°/s,120°/s). Similarly, to measure direction and contrast
tuning, square-wave gratings with a spatial wavelength of 30° span-
ning the full extent of the stimulus arena were used. The gratings
moved at a speed of 30°/s in 12 different directions at four different
contrasts (10%, 20%, 50%, 100%). For different contrasts, the
brightness of the bright bar was decreased and the brightness of
the dark bar was increased. Edge responses were measured using
ON edges, i.e., bright edges moving on a dark background with full
contrast. The ON edge moved along the preferred direction
(upward) or null direction (downward) at four different speeds
(15°/s, 30°/s, 60°/s, 120°/s). Similarly to gratings, edges moved at a
speed of 30°/s in preferred direction (upward) or null direction at
four different contrasts (10%, 20%, 50%, 100%).

Data analysis
Data analysis was performed using custom-written routines in MATLAB
and Python 2.7, 3.7. Images were automatically registered using horizontal
and vertical translations to correct the movement of the brain. Fluorescence
changes DF/F were then calculated using a standard baseline algorithm (Jia
et al., 2011). Regions of interest (ROIs) were drawn on the average raw
image manually in the medulla layer M10 for signals from T4 dendrites.
Averaging the fluorescence change over this ROI in space resulted in a DF/
F time course. Voltage imaging with ArcLight and calcium imaging with
GCaMP6f were performed and analyzed using the same settings.

As the ArcLight and GCaMP6f responses were recorded from cells in
different flies with different receptive fields and therefore different phase
relations, the responses had to be aligned before averaging in the time
domain. To do so, we calculated the cross-correlation between the
responses of different flies and shifted the responses accordingly.

The direction selectivity was evaluated using a direction selectivity
index (DSI) calculated as the difference between the peak responses to
preferred and null directions, divided by the sum of the absolute values
of the peak responses:

Figure 1. Schematic setup. A, Schematic illustration of the optic lobe, together with the reconstruction of the three neuron types Mi1, Tm3, and T4c investigated. B, Optic lobe with T4c neu-
rons labeled with GCaMP6f (green) and nc82 (magenta). C, Experimental setup: fly tethered to a plastic holder under the two-photon microscope looking onto the stimulus arena. D,
Comparison of the optically recorded ArcLight fluorescence change in T4 cells with the membrane potential as recorded by whole-cell patch from T4 cells (Groschner et al., 2022) elicited by
identical visual stimuli.
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Figure 2. T4c speed dependence. A, T4c ArcLight (black) and GCaMP6f (red) responses to grating moving in PD (top row) and ND (bottom row) at four different speeds. The plots have a
twin y-axis. The left y-axis of the plot represents voltage responses, i.e., changes in ArcLight fluorescence (�DF/F) and the right y-axis of the plot represents calcium responses, i.e., changes in
GCaMP6f fluorescence (DF/F). B, T4c peak responses to grating moving in PD (top) and ND (bottom) at four different speeds (n= 22 ROIs from N= 9 flies for ArcLight, n= 12, N= 8 for
GCaMP6f). C, T4c ArcLight (black) and GCaMP6f (red) responses to ON-edge moving in PD (top row) and ND (bottom row) at four different speeds. D, T4c peak responses to ON-edge moving in
PD and ND at four different speeds (n= 21, N= 9 for ArcLight, n= 12, N= 4 for GCaMP6f). E, Direction selectivity index (DS-index) calculated as the difference of peak responses in PD and ND
divided by the sum of peak responses for grating. F, Direction selectivity index (DSI) for ON-edge. All data show the mean6 SEM PD: preferred direction, ND: null direction.
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Figure 3. T4c contrast dependence. A, T4c ArcLight (black) and GCaMP6f (red) responses to grating moving in PD (top row) and ND (bottom row) at four different contrasts. The left y-axis
of the plot represents voltage responses, i.e., changes in ArcLight fluorescence (�DF/F) and the right y-axis of the plot represents calcium responses, i.e., changes in GCaMP6f fluorescence
(DF/F). B, T4c peak responses to grating moving in PD (top) and ND (bottom) at four different contrasts (n= 17 ROIs from N= 10 flies for ArcLight, n= 15, N= 7 for GCaMP6f). C, T4c
ArcLight (black) and GCaMP6f (red) responses to ON-edge moving in PD (top row) and ND (bottom row) at four different contrasts. D, T4c peak responses to ON-edge moving in PD and ND at
four different contrasts (n= 36, N= 5 for ArcLight, n= 29, N= 5 for GCaMP6f). E, Direction selectivity index (DSI) calculated as the difference of peak responses in PD and ND divided by the
sum of peak responses for grating. F, Direction selectivity index (DSI) for ON-edge. All data show the mean6 SEM.
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DSI ¼ PDpeak� NDpeak
jPDpeakj1 jNDpeakj : (1)

In the above measurement, only the difference in response between the
two opposing directions of motion is quantified. To take into account all 12
directions of motion, we calculated the directional tuning index:

Ldir ¼

����
X

f
vðf Þ���!

X
f
jvðf Þ���!j

����; (2)

where vðf Þ���!
is a vector proportionally scaled with the peak response and

points in the direction corresponding to the direction of motion given

by the rotation angle f of the stimulus (Mazurek et al., 2014). For two
angles separated by 180°, the Ldir is equivalent to the DSI.

The calculation of the circular variance was done with the circular
statistics toolbox for MATLAB (Berens, 2009).

Note, all calculations (Peak DF/F, DSI, LDir) were performed on the
signals from individual ROIs and then averaged.

Model simulations
Custom-written Python3.7 scripts were used to simulate the mod-
els (Fig. 5). To calculate the optimal parameter values, we first
defined an error function. For each stimulus condition (si), the
error was calculated as

Figure 4. T4c directional tuning. A, T4c ArcLight (black) and GCaMP6f (red) normalized peak responses to grating moving in 12 directions at four different speeds (n= 22 ROIs from N= 9
flies for ArcLight, n= 26, N= 8 for GCaMP6f). B, T4c ArcLight (black) and GCaMP6f (red) normalized peak responses to grating moving in 12 directions at four different contrasts (n= 17,
N= 10 for ArcLight, n= 15, N= 7 for GCaMP6f). C, The directional tuning index Ldir for grating moving at four different speeds. The directional tuning index is calculated as the vector sum of
the peak responses divided by the sum of all individual vector magnitudes. D, The directional tuning index for grating at four different contrasts. All data show the mean6 SEM.
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errorðsiÞ ¼
Xt¼N

t¼0

ðmodelðsitÞ � dataðsitÞÞ2: (3)

The model took as input the time averaged ArcLight data across all
112 different stimuli conditions. Next, we summed the error for all stim-
uli conditions:

total error ¼
Xi¼112

i¼1

errorðsiÞ: (4)

The model parameters were initialized with random values within
the defined parameter bounds. The Python SciPy minimize function
then used the L-BFGS-B (Limited Broyden Fletcher Goldfarb Shanno)
algorithm to find the parameter values corresponding to the minimum
total error. A total of 300 runs were performed, and the parameter values
corresponding to the run with the lowest error were used to produce the
final output signals. To compare the model performances with the time
averaged GCaMP data, we calculated the model error as:

model error ½% of data power� ¼ total errorXi¼112

i¼1
ðdataðsiÞÞ2

� 100: (5)

Results
We expressed the genetically encoded calcium indicator
GCaMP6f (Chen et al., 2013) in T4c cells projecting to layer
three of the lobula plate (Fig. 1A,B). These cells have upward
motion as their preferred direction (PD) and downward motion
as their null direction (ND). We also expressed the genetically
encoded voltage indicator ArcLight (Jin et al., 2012) using the
same driver line. ArcLight’s fluorescence decreases with mem-
brane depolarization and increases with membrane hyperpolar-
ization (Cao et al., 2013). To compare voltage and calcium
signals, we recorded the activity in T4c cells dendrites in me-
dulla layer 10 in response to the same set of stimuli using two-
photon microscopy (Fig. 1C; Denk et al., 1990). The complete

stimuli set included square-wave gratings
of 30° spatial wavelength moving along
12 different directions, and ON edges mov-
ing in PD and ND, at four different speeds
(15°/s, 30°/s, 60°/s, 120°/s) and four different
contrasts (10%, 20%, 50%, 100%). In order
to test how well ArcLight reflects the mem-
brane potential, we compared the measured
fluorescence changes in T4c cells to gratings
moving at 30°/s in 8 different directions to
membrane potential recordings (Fig. 1D;
electrophysiology data from Groschner et
al., 2022) to the same set of stimuli. The flu-
orescence change of ArcLight is shown
(black dots) for every time point as a func-

tion of the membrane response. The fluorescence change depends in
an almost linear way (red line) on the membrane potential change
(slope 0.86, Pearson’s R = 0.93).

In the first set of experiments, we measured voltage and cal-
cium signals in response to gratings moving in PD and ND at
four different speeds (Fig. 2A). As the grating stimuli consist
of alternate bright and dark bars moving in a certain direc-
tion, there was a modulation at the same frequency as the
contrast frequency of the grating (Egelhaaf and Borst, 1989;
Single and Borst, 1998; Haag et al., 2004; Wienecke et al.,
2018) in the ArcLight (black traces) and GCaMP6f (red
traces) signals. GCaMP6f responses showed modulations
only for slower speeds, while ArcLight responses revealed
modulations also at higher speeds. In addition, the response
amplitudes were much higher for GCaMP6f (�2.0 DF/F)
compared with ArcLight (��0.06 DF/F). The peak responses
(maximum DF/F) decreased with increasing stimulus speed
both for GCaMP6f and ArcLight signals (Fig. 2B). To under-
stand how the voltage to calcium transformation affects
direction selectivity in T4 cells, we compared the responses
to gratings moving in PD and ND. GCaMP6f responses in
ND were negligible compared with its responses in PD, while
for ArcLight responses in ND were relatively high (Fig. 2A,
C). We quantified the direction selectivity of the calcium and
voltage responses by a direction selectivity index (DS-index)
calculated as the difference between the peak responses to
preferred and null directions, divided by the sum of the abso-
lute values of the peak responses (Materials and Methods,
Eq. 1). The results revealed a high degree of direction selec-
tivity of �0.8 for GCaMP6f at slower velocities, compared
with a direction selectivity of �0.4 for ArcLight (Fig. 2E).
For both GCaMP6f and ArcLight signals, direction selectivity
decreased with increasing velocity.

Next, instead of gratings, we used moving bright edges with
all other stimulus parameters remaining the same (Fig. 2C). As
the edge moves upward on the screen, it crosses the receptive
field of T4c neurons only once. Hence, there was only a single
peak in the response. The peak response decreased with increas-
ing stimulus speed for GCaMP6f, while the peak response
remained almost constant for ArcLight throughout all speeds
(Fig. 2D). When comparing responses to edges moving along
preferred and null directions, GCaMP6f showed negligible
responses to the null direction while ArcLight revealed consider-
able responses to null direction stimuli. The direction selectivity
index was again much higher for GCaMP6f compared with
ArcLight (Fig. 2F). Together, these results show that GCaMP6f
signals have a high level of direction selectivity compared with
ArcLight signals, both for grating and edge stimuli.

Figure 5. Models for voltage to calcium transformation. A, Rectilinear model consisting of High-Pass filter (HP), threshold
(trld), Low-Pass filter (LP), gain, and shift. B, Recti-nonlinear model. The recti-nonlinear model consists of the same compo-
nents than the rectilinear model with an additional power nonlinearity.

Table 1. Parameter for the models

Cell Threshold (%) t HP (s) t -LP (s) Exponent Gain Error (%)

Mi1
Rectilinear model �0.68 1.96 0.39 32.09 8.99
Recti-nonlinear model �0.22 2.26 0.41 1.28 20.27 8.65

Tm3
Rectilinear model �0.60 0.67 0.79 77.17 6.79
Recti-nonlinear model �0.34 0.56 1.03 1.48 58.57 4.92

T4c complete
Rectilinear model �1.15 0.33 3.91 347.30 39.48
Recti-nonlinear model �0.34 0.45 2.41 2.53 297.67 21.59
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Figure 6. Model responses. A, T4c GCaMP6f (red) and recti-nonlinear model (green) responses to grating moving in PD (top row) and ND (bottom row) at four different speeds. B, T4c
GCaMP6f and model peak responses to grating moving in PD (top) and ND (bottom) at four different speeds. C, T4c GCaMP6f (red) and recti-nonlinear model (green) responses to ON-edge
moving in PD (top row) and ND (bottom row) at four different speeds. D, T4c GCaMP6f and model peak responses to ON-edge moving in PD (top) and ND (bottom) at four different speeds. E,
F, The directional tuning index Ldir for GCaMP6f (red), recti-nonlinear (green), and rectilinear (blue) model for grating moving in 12 directions at four different speeds and at four different con-
trasts, respectively.
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The stimulus strength was further varied by changing the
contrast between bright and dark bars for gratings and between
moving edges and background for edge stimuli. We measured
ArcLight and GCaMP6f responses to gratings moving at 30°/s at
four different contrasts (Fig. 3A). Increasing contrast resulted in
an increase in response for both ArcLight and GCaMP6f.
GCaMP6f signals were modulated at the temporal frequency of
the grating but showed an additional rise over time. This slow
increase was not observed in ArcLight signals. We also measured

ArcLight and GCaMP6f responses to ON edges, all moving at
the same speed of 30°/s but having different contrasts (Fig. 3C).
The peak response (maximum DF/F) increased with increasing
contrast (Fig. 3D). Similar to previous experiments, the direction
selectivity index was much higher for GCaMP6f (�0.9) com-
pared with that for ArcLight (�0.4; Fig. 3E,F).

In the results presented so far, we compared responses for
two directions only, i.e., along the preferred (upward) and along
the null direction (downward). Since the direction selectivity

Figure 7. Mi1 speed and contrast dependence. A, Mi1 ArcLight (black) and GCaMP6f (red) responses to grating (top row) and edges (bottom row) moving at four different speeds (gratings:
n = 24 ROIs from N = 5 flies for ArcLight, n = 19, N = 5 for GCaMP; edge: n = 27, N = 4 for ArcLight, n = 35, N = 5 for GCaMP). B, Mi1 peak responses to gratings (top) and edges (bottom)
moving at four different speeds (top). C, Mi1 ArcLight (black) and GCaMP6f (red) responses to grating (top row) and edges (bottom row) moving at four different contrasts (gratings: n = 24
ROIs from N = 5 flies for ArcLight, n = 22, N = 5 for GCaMP; edge: n = 18, N = 4 for ArcLight, n = 24, N = 5 for GCaMP). The left y-axis of the plot represents voltage responses, i.e., changes
in ArcLight fluorescence (�DF/F) and the right y-axis of the plot represents calcium responses, i.e., changes in GCaMP6f fluorescence (DF/F). D, Mi1 peak responses to gratings (top) and edges
(bottom) moving at four different contrasts. All data show the mean6 SEM.
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index becomes rather unselective when PD and ND responses
are close to zero, we next extended the comparison to motion
along 12 directions, from 0° to 360° in steps of 30°. For this com-
parison, we determined the normalized peak responses of
ArcLight and GCaMP6f signals to gratings moving at four differ-
ent speeds and four different contrasts, respectively (Fig. 4A,B).
The directional tuning was much sharper for GCaMP6f com-
pared with ArcLight. To quantify this, we calculated the direc-
tional tuning index Ldir (Mazurek et al., 2014) for each speed and
each contrast as the magnitude of the vector sum of the peak
responses divided by the sum of all individual vector magnitudes
(Materials and Methods, Eq. 2). In general, the directional tuning

indices again were much higher for GCaMP6f (%0.6) compared
with that of ArcLight (%0.2; Fig. 4C,D). Together, these results
show that calcium signals have a higher degree of directional tun-
ing across different speeds and contrasts than voltage responses,
arguing for a nonlinear transformation from voltage to calcium.

How does the voltage to calcium transformation lead to cal-
cium signals with significantly higher directional tuning compared
with voltage signals? To address this question, we constructed an
algorithmic model (Fig. 5), which takes ArcLight signals as inputs
and outputs GCaMP signals. In order to find the optimal parame-
ter values, we first defined an error function. For each stimulus
condition, the error was calculated as the sum of the squared

Figure 8. Tm3 speed and contrast dependence: Same as Figure 7, but for Tm3. A, Gratings: n = 52 ROIs from N = 5 flies for ArcLight, n = 26, N = 3 for GCaMP; edge: n = 28, N = 4 for ArcLight,
n = 42, N = 4 for GCaMP. B, Tm3 peak responses to gratings (top) and edges (bottom) moving at four different speeds. C, Gratings: n = 35 ROIs from N = 5 flies for ArcLight, n = 36, N = 4 for
GCaMP; edge: n = 29, N = 4 for ArcLight, n = 39, N = 4 for GCaMP. D, Tm3 peak responses to gratings (top) and edges (bottom) moving at four different contrasts. All data show the mean6 SEM.
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difference between the model and the experimental data at each
time point (Materials and Methods, Eq. 3). There was a total of
112 stimulus conditions: grating speed (four speeds, 12 directions),
grating contrast (four contrasts, 12 directions), edge speed (four
speeds, PD and ND), and edge contrast (four contrasts, PD and
ND). The total error amounted to the sum of all errors across all
stimulus conditions (Materials and Methods, Eq. 4). We defined
the model error as the total error divided by the power of the data
(Materials and Methods, Eq. 5). We then found the optimal

parameter values of the model that correspond to the minimum
total error using the Python SciPy minimize function (Virtanen et
al., 2020). To avoid the risk of being trapped in a local minimum,
we ran the parameter search 300 times with random starting pa-
rameters and chose the parameter set which resulted in the small-
est error.

We started with a rectilinear model (Fig. 5A). The model first
passes the ArcLight signal through a high-pass filter which
removes slow fluctuations. This is followed by a threshold,

Figure 9. Mi1 rectilinear model responses. A, Mi1 GCaMP6f (red) and rectilinear model (blue) responses to gratings moving at four different speeds (top row) and to gratings moving at four
different contrasts (bottom row). B, Mi1 GCaMP6f and model peak responses to gratings moving at four different speeds (top) and four different contrasts (bottom). C, Tm3 GCaMP6f (red) and
rectilinear model (blue) responses to gratings moving at four different speeds (top row) and to gratings moving at four different contrasts (bottom row). D, Tm3 GCaMP6f and model peak
responses to gratings moving at four different speeds (top) and four different contrasts (bottom).
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assuming that the voltage changes below a certain threshold do
not affect the calcium level in the cell (Yang et al., 2016). In addi-
tion, we further considered a few experimental observations for
constructing the model. First, the GCaMP6f response to gratings
showed modulations only for slower speeds, whereas the ArcLight
response had modulations even at faster speeds (Fig. 2A). This
suggests that the GCaMP6f signal is a low-pass filtered version of
the ArcLight signal. In the rectilinear model, we used a single low-

pass filter followed by a gain and time shift. Multiplication with a
gain factor was required since GCaMP6f signals have a much
higher magnitude compared with ArcLight. Since ArcLight and
GCaMP6f responses were recorded from cells in different flies
with different receptive fields, the responses had different phases.
Therefore, a time shift was necessary to align the signals.
However, the rectilinear model with a single low-pass filter
could not reproduce responses across all stimuli. The model

Figure 10. Tm3 rectilinear model responses. A, Mi1 GCaMP6f (red) and rectilinear model (blue) responses to gratings moving at four different speeds (top row) and to gratings moving at
four different contrasts (bottom row). B, Mi1 GCaMP6f and model peak responses to gratings moving at four different speeds (top) and four different contrasts (bottom). C, Tm3 GCaMP6f (red)
and rectilinear model (blue) responses to gratings moving at four different speeds (top row) and to gratings moving at four different contrasts (bottom row). D, Tm3 GCaMP6f and model peak
responses to gratings moving at four different speeds (top) and four different contrasts (bottom).

2508 • J. Neurosci., April 5, 2023 • 43(14):2497–2514 Mishra et al. · Voltage to Calcium Transformation



error for the complete data set for the rectilinear model was
around 39% (see Table 1 for list of parameters). Specifically, the
rectilinear model failed to suppress the ND responses and to
reproduce the edge responses. The directional tuning index Ldir
was much smaller for the rectilinear model compared with the
experimental data (Fig. 6E,F, blue lines). Second, the GCaMP6f
responses in addition to modulation also had a steady rise over
time whereas the ArcLight signal only had modulations (Figs.
2A, 3A). To quantify this rise, we calculated the modulation ra-
tio of the peak amplitude of the last modulation divided by the
peak amplitude of the first modulation for gratings moving at 15°/s.
For the ArcLight signal the modulation ratio was 0.866 0.04, for
the GCaMP signal the modulation ratio was 1.696 0.21. In order
to reproduce the edge responses and modulation in grating
responses, the model needed a low-pass filter with a small
time constant. However, to simulate the steady rise in the gra-
ting signal, a low-pass filter with a large time constant was
necessary. Hence, we combined the output of two low-pass
filters. Summing up the low-pass filter outputs did not lead
to much improvement. However, multiplying the outputs of
the low-pass filters led to a significant decrease in the error.
The model error dropped from 39% for the rectilinear model to
23% for the multiplicative model. Counterintuitively, optimizing
parameters reliably found the time constant of the two low-
pass filters to be identical. We therefore changed our model
to a single low pass filter followed by a power nonlinearity
(Fig. 5B).

This recti-nonlinear model thus has in total six parameters:
high-pass filter time constant, threshold, the low-pass filter time
constant, exponent, gain and shift. The recti-nonlinear model
was able to reproduce calcium signals across different visual
stimuli (Fig. 6). In contrast to the rectilinear model where we
found a modulation ratio of 1.1, the recti-nonlinear model could
reproduce both the modulation as well as the slow rise in the
GCaMP6f signal in response to gratings (Fig. 6A; modulation ra-
tio 1.60, parameter in Table 1). The recti-nonlinear model could
also reproduce the ON edge speed tuning responses across

different speeds (Fig. 6C,D). Consequently, the directional tuning
index Ldir was similar for the recti-nonlinear model and experi-
mental data across slower speeds and all contrasts (Fig. 6E,F).

To investigate whether the voltage to calcium transformation
as described for T4-cells by a recti-nonlinear model also applies
to nondirectional cells, or whether, in these cells, the simpler
rectilinear model is sufficient, we expressed ArcLight and
GCaMP6f in medulla neurons Mi1 and Tm3 cells, which are
both nondirection-selective. Mi1 and Tm3 are presynaptic to
T4 cells (Takemura et al., 2017) and have an ON-center recep-
tive field (Behnia et al., 2014; Arenz et al., 2017; Strother et al.,
2017; Groschner et al., 2022). We measured ArcLight (black),
and GCaMP6f (red) responses of Mi1 and Tm3 cells to gra-
tings and edges moving at four different speeds and to gratings
moving at four different contrasts (Figs. 7, 8). The gratings and
edges moved along only one direction since the direction does
not affect nondirection-selective cells’ responses. Contrary to
T4, Mi1 GCaMP6f responses showed only modulation without
a slow increase over time (modulation ratio: 1.0; Fig. 7A; 15°/s,
modulation ratio 1.2) For gratings moving at 30°/s and 60°/s,
there was an increase in Tm3 GCaMP6f response over time, but
the ArcLight response already had a slow increment over time
(Fig. 8A). Similar to T4, the peak response for Mi1 and Tm3
decreased with increasing stimulus speed and increased with
increasing stimulus contrast (Figs. 7, 8). However, the decrease
in amplitude for increasing speeds turned out to be much
stronger for T4c than for Mi1 and Tm3 (compare Figs. 2B,D to
7B,D and 8B,D). This hints to a shorter time-constant of the
low-pass filter for Mi1 and Tm3.

Next, we used the models described in Figure 5 to reproduce
Mi1 and Tm3 calcium responses using their ArcLight responses.
As discussed earlier, the rectilinear model (Fig. 5A) with a single
low-pass filter was not able to reproduce T4 calcium responses
across all stimuli. However, for Mi1 and Tm3, the rectilinear
model accurately replicated the speed and contrast tuning (Figs.
9, 10; see Table 1 for parameter). We further compared the
model error for the rectilinear and recti-nonlinear models for
Mi1, Tm3, and T4c data (Fig. 11). The model error for Mi1 and
Tm3 for the rectilinear model was �9% and %7%, respectively,
compared with �9% and %5% for the recti-nonlinear model
with exponents close to 1 (Mi1 exponent: 1.3; Tm3 exponent:
1.5). Thus, the rectilinear model already performed well for the
Mi1 and Tm3 datasets, and changing to the recti-nonlinear
model only slightly improved the performance. For the T4c data-
set, the model error was �39% and �22% for the rectilinear and
recti-nonlinear models (exponent: 2.5), respectively. Hence, the
recti-nonlinear model performed better for the T4c dataset
whereas for Mi1 and Tm3 the rectilinear model was sufficient to
reproduce the calcium responses. This suggests that voltage to
calcium transformation is different for the direction-selective cell
T4 than for the nondirection-selective cells Mi1 and Tm3.

So far, all optical recordings have been made from dendritic
compartments of T4 cells located in layer 10 of the medulla. As
was shown for Mi1 cells, even in tiny neurons of Drosophila, cal-
cium signals can be compartmentalized (Yang et al., 2016). In
order to compare calcium responses in different compartments
of T4c, we recorded the activity in axon terminals in the lobula
plate (layer c). Figure 12 shows the directional tuning for differ-
ent speeds (Fig. 12A) and different contrasts (Fig. 12B) for
GCaMP6f responses in the medulla (red lines) and in the lobula
plate (gray lines). We found that the directional tuning in the
two compartments is very similar with a slightly narrower tun-
ing in the lobula plate. To test for statistical significance, we

Figure 11. Model error for the rectilinear and recti-nonlinear model. The model error for
the rectilinear model (blue) and recti-nonlinear model (green). Mi1 and Tm3 dataset consists
of gratings at four different speeds and contrast moving in a single direction. T4c complete
dataset consists of gratings moving in 12 different directions, and ON edge moving in PD, ND
at four different speeds and contrasts, i.e., a total of 112 stimuli conditions.
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calculated the circular variance (Berens, 2009) for each experi-
ment and tested the values for differences in the two distribu-
tions with a two-sample t test. At the 5% significance level, the
two distributions were not different (p= 0.51).

To further test whether calcium signals might be different
in dendrites and axon terminals, we compared the calcium
responses in the dendrite and axon terminal of individual T4
cells using the SPARC technique (Isaacman-Beck et al.,
2020). This toolkit allows to express effectors in a sparse sub-
set of cells of the same cell type. Figure 13A shows the anat-
omy of such a single T4c cell. The calcium responses to
gratings moving at different speeds is shown in Figure 13B.

There is no difference in the directional tuning between
GCaMP signals measured in the axon terminal (gray line)
and in the dendrite (red line), indicating that there is no
compartmentalization for calcium signals (two sample t test
for differences in the circular variances: p = 0.81).

In order to see whether cells postsynaptic to T4c cells follow
their voltage or their calcium signals, we performed patch-clamp
recordings from VS-cells. VS-cells integrate the excitatory output
of downward tuned T4d/T5d cells on their dendrite. In addition,
they are inhibited via LPi neurons which in turn are excited by
upward tuned T4c/T5c cells (Fig. 14B; Mauss et al., 2015). In
order to isolate the excitatory input from T4d/T5d cells, we

Figure 12. T4c directional tuning in the dendrite and the axon terminal. A, T4c GCaMP6f (red) recorded in the medulla and T4c GCaMP6f (gray) recorded in the lobula plate. Shown are the
normalized peak responses to grating moving in 12 directions at four different speeds (medulla: n= 12 ROIs from N= 8 flies; lobula plate: n= 9, N= 6). B, Same as A but for four different
contrasts (medulla: n= 15 ROIs from N= 7 flies; lobula plate: n= 19, N= 8). C, The directional tuning index Ldir for grating moving at four different speeds. The directional tuning index is cal-
culated as the vector sum of the peak responses divided by the sum of all individual vector magnitudes. D, The directional tuning index for grating at four different contrasts. All data show the
mean6 SEM.
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blocked synaptic transmission from T4c/T5c neurons by express-
ing tetanus toxin (TNT) while measuring voltage responses in
VS-cells to grating stimuli moving at 30°/s in preferred and null
direction (Fig. 14C,D, magenta line). As expected (Mauss et al.,
2015), silencing synaptic output from T4c/T5c cells completely
abolished null-direction hyperpolarization in VS-cells (Fig. 14D),
while leaving the preferred direction response mediated by T4d/
T5d unchanged (Fig. 14C). The only input that VS-cells receive
after blocking of T4c/T5c is the direct excitatory input from T4d/
T5d. Under the assumption that the voltage to calcium trans-
formation in T4d/T5d is identical to the one measured in T4c/
T5c, the directional tuning of VS-cells should reflect the one in
the output signals of T4/T5 cells. The directional tuning in VS-
cells (with T4c/T5c blocked) is similar to the tuning of T4c
GCaMP signal (Fig. 14E, gray line). From this, we conclude
that the output of T4 cells reflects the narrow tuning of its cal-
cium signal.

Discussion
A neuron processes the input signals it receives from its presyn-
aptic neurons and transforms them into a final transmitter out-
put signal it provides to postsynaptic neurons. This signal flow
comprises the following stages: (1) dendritic integration and

processing of voltage signals; (2) transformation of voltage sig-
nals into calcium influx; and (3) transformation of calcium sig-
nals into transmitter release. Information processing can occur
at different stages of this signaling cascade. In this study, we
explored the transformation of voltage into calcium signals in T4
cells, the first direction-selective neurons in the Drosophila ON
motion pathway. We showed that the voltage to calcium trans-
formation enhances direction selectivity of voltage signals com-
puted in the dendrites. By recording from postsynaptic cells, we
also demonstrated that this enhanced direction selectivity of the
calcium signal is indeed reflected in an enhanced direction selec-
tivity of the transmitter output signal of T4 cells.

Electrophysiology has been the most frequently used method to
measure the membrane potential changes in neurons. However,
because of the small size of neurons in the optic lobe, single-cell
electrophysiological recordings of these neurons have been difficult
(but see Gruntman et al., 2018, 2019; Groschner et al., 2022).
Genetically encoded voltage indicators (GEVIs) have evolved as
powerful tools for recording changes in neuronal membrane poten-
tials (Yang et al., 2016; Wienecke et al., 2018; Aimon et al., 2019).
Optical methods of monitoring brain activity are appealing because
they allow simultaneous, noninvasive monitoring of activity in
many individual neurons. We used a fluorescence protein voltage
sensor called ArcLight (Jin et al., 2012). ArcLight is based on the

Figure 13. Directional tuning in the dendrite and axon terminal of single T4c cells. A, Anatomy of a single T4c cell. B, Directional tuning of single T4c cells to grating moving in 12 directions
at four different speeds (dendrite red line: n= 13 ROIs from N= 5 flies; axon terminal gray line: n= 13, N= 4). Shown are the normalized peak responses (mean 6 SEM) measured with
GCaMP6f.
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fusion of the voltage-sensing domain of Ciona intestinalis voltage-
sensitive phosphatase (Murata et al., 2005) and the fluorescent pro-
tein super ecliptic pHluorin with an A227D mutation. ArcLight has
been shown to robustly report both subthreshold events and action

potentials in genetically targeted neurons in the intact Drosophila
brain (Cao et al., 2013).

We built a model to capture voltage to calcium transformation
in T4c, Mi1, and Tm3 cells. A rectilinear model with a single low-

Figure 14. Comparison of T4 and VS-cell tuning. A, Anatomy of a single VS-cell (from Mauss et al., 2015). B, Schematic wiring diagram of VS-cells. VS-cells receive excitatory input from T4d/T5d cells
and inhibitory input from LPi3-4 cells. LPi3-4 cells in turn receive excitatory input from T4c/T5c cells. Black arrows indicate the preferred direction. C, VS-cells response to grating moving in preferred direc-
tion. The black trace shows the response in control flies, the magenta trace when T4c/T5c cells are blocked with TNT. The blocking did not change the PD response. D, same as C but with grating moving
in the null direction of VS-cells. Blocking of T4c/T5c led to a complete loss of the null direction response in VS-cells. E, Normalized calcium responses of T4c cells (gray) and voltage responses of VS-cells
(with T4c/T5c blocked, magenta) to gratings moving along 12 directions at four different speeds (n=9 ROIs from N=6 flies for GCaMP6f, n=8 cells from N=6 flies for VS-cells). Note, to compare the
tuning curves of T4c GCaMP6f and VS-cell voltage responses, we shifted the orientation tuning of downward selective (270°) VS-cells to the tuning peak of T4c cells.
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pass filter was able to reproduce calcium responses in nondirection-
selective Mi1 and Tm3 cells (Figs. 9, 10), whereas a recti-nonlinear
model with a supralinear function for mapping voltage onto cal-
cium was required to reproduce T4c calcium responses (Fig. 6).
The direction selectivity for the rectilinear model signals for T4c
was lower compared with the recti-nonlinear model. This suggests
that voltage to calcium transformation in Mi1 and Tm3 cells is dif-
ferent from those in T4c cells.

Differential expression of voltage-gated calcium channels in
different cells could explain the different voltage to calcium
transformations. Voltage-gated calcium channels mediate depo-
larization-induced calcium influx that drives the release of neu-
rotransmitters. The A1-subunit of the voltage-gated calcium
channels forms the ion-conducting pore, which makes it distinct
from other calcium channels. Three families of genes encode A1
subunits. The Drosophila genome has one A1 subunit gene in
each family: A1D (Cav1), cac (Cav2), and A1T (Cav3; Littleton
and Ganetzky, 2000; King, 2007). In Drosophila antennal lobe
projection neurons, cac (Cav2) type and A1T (Cav3) type voltage-
gated calcium channels are involved in sustained and transient
calcium currents, respectively (Gu et al., 2009; Iniguez et al.,
2013). According to an RNA-sequencing study (Davis et al.,
2020), A1T (Cav3) mRNA has a higher expression level in Mi1
compared with T4 and Tm3, while cac (Cav2) mRNA has a
higher expression level in T4 compared with Mi1 and Tm3.
Recent experiments with expressing RNAi against cac led to a
significantly faster response in Mi1 and Tm3 cells (Gonzalez-
Suarez et al., 2022). The differential expressions of voltage-gated
calcium channels could cause different voltage to calcium trans-
formations in nondirection selective and direction-selective cells.

We found that the voltage to calcium transformation in
T4c neurons enhances their direction selectivity: calcium sig-
nals in T4c cells have a significantly higher direction selectiv-
ity and directional tuning index compared with membrane
voltage across a large set of stimuli, including different speeds,
different contrasts, different directions and different spatial
structures (Figs. 2-4). Using a smaller stimulus set, a previous
study on T5 cells also found the calcium signal to be more
directionally selective than the voltage signal (Wienecke et al.,
2018). Based on their experiments, the authors made a qualita-
tive proposal for an adaptive supralinearity to account for the
voltage to calcium transformation. In contrast, we demon-
strate that a static supralinearity is sufficient to quantitatively
match the experimental data derived from a comprehensive
stimulus set covering a large range of speeds and contrasts.

As calcium is required for neurotransmitter release (Katz and
Miledi, 1967), the voltage to calcium transformation is expected
to increase the direction selectivity of T4/T5 cells’ output signals.
In the lobula plate, T4/T5 cells provide input to large lobula plate
tangential cells that are depolarized during preferred and hyper-
polarized during null direction motion (Mauss et al., 2015). For
example, vertical system (VS)-cells with dendrites in layer four
receive direct excitatory inputs from downward-tuned T4d/T5d
neurons causing depolarization during motion in the downward
preferred direction. These VS cells also receive indirect inhibitory
inputs from upward-tuned T4c/T5c neurons via glutamatergic
LPi3-4 neurons projecting from layer three to layer four causing
hyperpolarization in VS-cells during motion in the upward null
direction. Upon silencing LPi3-4 neurons’ synaptic output via
tetanus toxin, VS neurons depolarization response in the pre-
ferred direction did not change, but the inhibition for null direc-
tion was absent (Mauss et al., 2015). Furthermore, there was no
depolarizing response to stimuli moving in null direction. This

suggests that T4/T5 do not release any transmitter in response to
null direction motion, which matches our findings for the cal-
cium responses in T4c cells to null direction motion. We con-
firmed this finding by measuring the voltage response of VS-cells
to gratings moving in different directions (Fig. 14E). The direc-
tional tuning measured in VS-cells with T4c/T5c blocked fol-
lowed the tuning of the calcium signal measured in the terminal
region of T4 cells. Thus, voltage to calcium transformation increases
direction selectivity in T4/T5 cells which in turn enhances direction
selectivity in downstream neurons.

In summary, our study provides evidence that the characteris-
tics of voltage to calcium transformation are specifically tailored
to the function of T4 cells within the motion processing pathway:
instead of being a mere copy of the membrane voltage required
for transmitter output at a chemical synapse, this transformation
represents an important processing step that enhances direction
selectivity in the output signal of motion-sensing T4 cells.
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