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SUMMARY

A neuron is conventionally regarded as a single pro-
cessing unit. It receives input from one or several
presynaptic cells, transforms these signals, and
transmits one output signal to its postsynaptic part-
ners. Exceptions exist: amacrine cells in themamma-
lian retina [1–3] or interneurons in the locust meso-
thoracic ganglion [4] are thought to represent many
electrically isolated microcircuits within one neuron.
An extreme case of such an amacrine cell has
recently been described in the Drosophila visual
system. This cell, called CT1, reaches into two neuro-
pils of the optic lobe, where it visits each of 700 repet-
itive columns, thereby covering the whole visual field
[5, 6]. Due to its unusual morphology, CT1 has been
suspected to perform local computations [6, 7], but
this has never been proven. Using 2-photon calcium
imaging and visual stimulation, we find highly com-
partmentalized retinotopic response properties in
neighboring terminals of CT1, with each terminal
acting as an independent functional unit. Model sim-
ulations demonstrate that this extreme case of
compartmentalization is at the biophysical limit of
neural computation.

RESULTS AND DISCUSSION

The visual system of the fruit fly comprises the eye with about

700 facets and the optic lobe. The latter consists of four layers

of retinotopically organized neuropils called lamina, medulla,

lobula, and lobula plate. Within each column of both medulla

and lobula, CT1 receives input from a number of local interneu-

rons and makes output synapses onto elementary motion-de-

tecting T4 and T5 cells [7]. T4 cells are sensitive to bright moving

edges and have their dendrites in the most proximal layer of the

medulla. T5 cells respond preferentially to dark moving edges

and extend their dendrites into the posterior layer of the lobula.

Both come in four subtypes, one for each of the four cardinal di-

rections of visual motion [8]. For each subtype, the synapses of

CT1 are located precisely on the null direction side of T4 and T5

dendrites [7]. Therefore, CT1 has been speculated to be of func-

tional relevance for creating direction selectivity within T4 and

T5, in particular because it receives excitatory, cholinergic input
Curr
and releases the typically inhibitory neurotransmitter GABA,

which may introduce a sign inversion [6]. To support motion

detection, however, the columnar processes of CT1 must act

as spatially independent, local processing units. Curiously,

these structures are connected to major branches via ultra-

thin, 0.1-mm-wide processes that form loops and, thus, are

about 10 times longer than needed to bridge the distance be-

tween neighboring columns (Figure 1D) [7].

To measure the receptive fields of individual processes in

CT1, we used calcium levels—as a proxy for neural activity

[9, 10]—recorded under a 2-photon microscope during visual

stimulation with a white-noise bar pattern [11]. By correlating

the fluorescence signal of a given neural process with the stim-

ulus intensity at each location in space and time, a spatiotem-

poral receptive field was obtained. As shown in a representa-

tive experiment (Figure 2A), each compartment of CT1 has its

own confined receptive field with a small half-width, compara-

ble to the size of the interommatidial angle of the fly eye.

Furthermore, receptive field centers are displaced with respect

to neighboring compartments. Processes within the medulla

are ON-sensitive and the ones in the lobula are OFF-sensitive

(Figure 2B), just like their postsynaptic partner cells, T4 and

T5. To assess the spatiotemporal response properties more

closely, we took such measurements from many compartments

of CT1 cells and averaged their receptive fields after alignment

to their center. The spatial profile of the processes in the me-

dulla reveal an ON-center with a full-width at half maximum

of 9.1� and temporal band-pass characteristics (Figure 2C).

The spatial profile in the lobula reveals an OFF-center with a

half-width of 7.2� (Figure 2D). Receptive field sizes determined

at different locations in visual space were rather similar (Fig-

ure S1). To test the selectivity of the compartments to contrast

polarity as well as their potential direction selectivity, we used

bright and dark edges moving in 12 directions (Figures 2C

and 2D, insets). CT1 compartments respond selectively to

either moving ON (medulla) or OFF (lobula) edges, irrespective

of the direction of motion.

This extreme compartmentalization requires strong electrical

isolation of neural processes within neighboring columns. Given

the minute absolute distances in the fruit fly brain, we wondered

whether this is at all possible. We therefore built a realistic, elec-

trically passive compartmental model of CT1, based on electron

microscopy reconstructions [7]. It consists of 11 terminals in the

medulla that are connected via thin, looping branches to several

thicker parental branches (Figures 1D and 3A). Using bio-

physically plausible membrane parameters [12] and direct cur-

rent (DC) injections into one columnar compartment at a time
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Figure 1. Anatomy of CT1

(A) Schematic drawing of CT1 innervating all columns in both medulla and lobula.

(B) Fluorescent images of CT1. (Left) Overview of CT1 ramifications (GCaMP expression green) in one hemisphere of the fly brain (magenta: nc82 background

staining) is shown. (Right) Columnar branching pattern of CT1 in the lobula is shown.

(C) 2-photon image of the fluorescence signal of CT1 as seen under the microscope.

(D) 3D reconstruction of 11 CT1 terminals in themedulla (top view and side view of the samemodel; data from [7]). Similar colors (green, red, and blue) correspond

to similar parent branches. Arrows highlight loops in the neural processes. The column identity of each CT1 terminal is indicated at the bottom right.
(Figure 3A, gray electrodes), we investigated the distribution of

membrane voltage across the whole model cell. Irrespective of

the stimulated column, the voltage drops steeply to a level

of around 20% in all remaining compartments, indicating strong

electrical isolation of each CT1 terminal from its neighbors. As a

control, we calculated the same current injection into the tip of

the thick main branch (Figure 3A, lower right). As expected, the

voltage spreads more uniformly under these conditions and

drops to only about 50% of the peak voltage [13]. Next, we

examined how the compartmentalization of the model cell de-

pends on the choice of parameters for the axial (Ra) and trans-

membrane (Rm) resistance. To this end, we simulated current

injections into one compartment andmeasured the average rela-

tive membrane potential in all other terminals while varying the

values for Ra and Rm (Figure 3B). We found that the model only

retains a high degree of compartmentalization if Ra is rather

high or if Rm is low. We then wondered how this translates into

receptive field properties of an isolated CT1 terminal, as deter-

mined in our imaging experiments. To test this, we simulated

synaptic input into one compartment, assuming three Gaussian

input signals of 7� half-width, separated by 5� [11]. Testing the

receptive field of the central of three columnar CT1 compart-

ments, we found a spatial receptive field half-width of 9.6� (Fig-
ure 3C). Hence, the receptive field is largely determined by the
1546 Current Biology 29, 1545–1550, May 6, 2019
spatial sensitivity of the input and closely replicates the experi-

mental findings. In order to detect visual movement, local motion

detectors must receive input signals that are separated in space

and in time. To probe whether CT1 terminals fulfill this require-

ment, we presented themodel cell with a sine grating (Figure 3D).

When the stimulus was stationary, we observed that the mem-

brane potential in neighboring terminals changed according to

the phase of the grating (Figure 3D, left), further corroborating

the results from our receptive field analysis. Once the grating

was moved in one direction, voltage responses of individual ter-

minals were modulated robustly at the temporal frequency of the

stimulus. Critically for motion detection, phase delays between

signals were preserved (Figure 3D, right). This illustrates that

CT1 terminals retain information about the spatial as well as

the temporal characteristics of the input signal and further dem-

onstrates their usefulness in the motion detection pathway.

Using functional 2-photon calcium imaging and anatomically

realistic compartmental modeling, we thus provide strong evi-

dence for an extreme case of electrically isolated sub-compart-

ments in a large-field amacrine cell, which functions as many

hundred independent processing units. This has important impli-

cations for the potential role of CT1 in motion processing in the

visual system of Drosophila. Recently, several studies have

demonstrated that the computation of direction selectivity in
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Figure 2. Functional 2-Photon Calcium Imaging in CT1 Terminals

(A and B) Left: average 2-photon image of CT1 terminals in the medulla (A) and the lobula (B). Red and blue circles indicate hand-drawn regions of interest (ROIs).

Right: example spatial receptive fields of neighboring CT1 terminals in the medulla (A) and the lobula (B) based on white-noise analysis are shown. Color code

corresponds to respective ROIs on the left.

(C and D) Response characteristics of CT1 terminals in themedulla (C) and the lobula (D). Polar plots indicate average responses of CT1 tomoving bright (red) and

dark (blue) edges in 12 directions (error bars: 68% confidence interval). Grey traces indicate baseline levels. Heatmaps show spatiotemporal receptive fields

measured with white noise patterns along the azimuth. Traces on top and to the right indicate cross sections along the temporal and spatial domain, respectively

(dashed lines). Grey traces are derived from measurements along the elevation; black traces correspond to receptive fields along the azimuth.

For more detailed receptive field analysis and variability over ROIs, see also Figure S1.
the fly brain is based on both preferred direction enhancement

and null direction suppression [14–16]. As a result, presynaptic

elements to the elementary motion detectors T4 and T5 must

contribute both excitation (on the preferred side) and inhibition

(on the null side). Although evidence for inhibitory, columnar in-

puts to T4 has been shown before [6], the only cell type in the

OFF pathway potentially providing null direction suppression is

the GABAergic wide-field neuron CT1 [6, 7]. In this study, we

demonstrate that CT1 can indeed perform local computations

and is therefore a promising candidate for the direction selec-

tivity circuit, whose exact role has to be further investigated in

the future.

In our experiments, wemeasured changes in calcium concen-

tration, whereas in the modeling section, we calculated mem-

brane voltage distributions. Potential discrepancies between

these two readouts of neural activity need to be kept in mind

[9, 10, 17]. It is possible that the transformation from underlying

membrane polarization to voltage-gated calcium dynamics
either enhances or reduces compartmentalization between ter-

minals through compressive or expansive channel activation

functions. Anymodel of this transformation would require knowl-

edge of channel properties and distribution that is currently not

available. However, a recent study has shown that, if anything,

calcium signaling tends to be more compartmentalized than

voltage in the fly visual system [17]. Finally, because synaptic

output depends on calcium concentration at release sites, the

strong compartmentalization we observe in our calcium mea-

surements should be of immediate functional relevance.

In summary, our results show that, in order to ensure an elec-

trical decoupling of the different processes of an amacrine cell in

the small brain of the fly, connecting branches have to be long

and thin. Additionally, either specific axial resistance has to be

unusually high or membrane resistance must be at the low end

of the spectrum. This demonstrates that such an extreme case

of compartmentalization is at the biophysical limit of neural

computation.
Current Biology 29, 1545–1550, May 6, 2019 1547
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP Acris, OriGene Technologies Cat#TP401; RRID: AB_10013661

Mouse monoclonal anti-nc82 Developmental Studies

Hybridoma Bank (DSHB)

RRID: AB_2314866

Goat polyclonal anti-rabbit Alexa 488 Invitrogen Cat#A11034; RRID: AB_2576217

Goat polyclonal anti-mouse Alexa 568 Invitrogen Cat#A11004; RRID: AB_141371

Deposited Data

Modeled CT1 neuron (.swc file) [7], this paper https://github.com/borstlab/ct1_paper

Experimental Models: Organisms/Strains

D. melanogaster: w+; R65E11-AD; R20C09-DBD [6] N/A

D. melanogaster: w+; P{20XUAS-IVS-GCaMP6f}attP40; + Bloomington Drosophila Stock

Center

BL 42747

D. melanogaster: w+; +; PBac{20XUAS-IVS-GCaMP6f}VK00005 Bloomington Drosophila Stock

Center

BL 52869

Software and Algorithms

Model Python Code This paper https://github.com/borstlab/ct1_paper
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Matthias

Meier (mmeier@neuro.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies (Drosophila melanogaster) were raised on standard cornmeal-agar medium with 12hr light/ 12hr dark cycles, 25�C, and 60%

humidity. For all experiments we used 1-3 days old female flies of the genotype w+; R65E11-AD/UAS-GCaMP6f; R20C09-DBD/

UAS-GCaMP6f [6, 18].

METHOD DETAILS

Immunohistochemistry and confocal imaging
Immunostainings were performed as described in [19] using primary antibodies for GFP to visualize GCaMP expression and the

presynaptic marker nC82 as reference background staining. Primary antibodies were used with a concentration of 1:1000 and

1:20 for rabbit-anti-GFP and mouse-anti-nC82, respectively. For visualization the following secondary antibodies were used:

goat-anti-rabbit-Alexa 488 and goat-anti-mouse-Alexa 568 (Molecular Probes) with a concentration of 1:500. After the staining pro-

cedure the brains were mounted in Slow FadeTM (Invitrogen) and optically sectioned with a confocal microscope (Leica SP5). The

image-stacks were subsequently processed for illustration in Fiji.

Two-photon-microscopy and data acquisition
Calcium imaging experiments were performed as previously described in [11]. In brief, flies were cold anesthetized on ice,

mounted on a plexi-glass holder and the cuticle on the right hemisphere was removed to gain optical access to the brain. The flies

were then placed under a custom built 2-photon laser scanning microscope [20] controlled by the ScanImage 3.8 software (Vidrio

Technologies, LLC). Acquisitions were performed at a rate of 15.02 Hz with an image resolution of 64x64 pixels.

Visual stimulation
Visual stimuli were presented to the fly on a custom built arena as described in [11]. In the beginning of every experiment a region of

visually responsive CT1-terminals was located using full-field flicker stimuli. Recordings for lobula and medulla terminals were per-

formed separately, except for the directional tuning experiment, where the imaged region contained both neuropils. The first visual
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stimulus consisted of moving bright (ON) and dark (OFF) edges of full contrast (max. luminance 276 +- 48 cd/m2) traveling in 12 di-

rections. Each stimulus was repeated three times and the resulting protocol was presented in a randomized fashion.

In the second set of experiments, Gaussian noise stimuli were used to determine the spatiotemporal receptive fields of single CT1

terminals. Azimuth and elevation were tested separately using vertical and horizontal patterns, respectively. For the azimuth the cy-

lindrical arena was partitioned in 64 bars, while in the vertical axis 54 bars were used. Each bar covered approximately 2.8 degrees in

visual space and its luminance was modulated at 60 Hz (see [11] for more detailed description). The luminance value of each bar was

drawn at each frame from a Gaussian distribution around a mean value of 50 on an 8-bit grayscale display, with a standard deviation

of 25%.

Modeling
For illustrations in Figure 1C and visualization of voltage distribution in Figure 3A, we used electronmicroscopy data from [7] available

online (http://emdata.janelia.org/optic-lobe/) processed with Vaa3D (Copyright 2006-2012 Howard Hughes Medical Institute - Jane-

lia Research Campus; 2013-2016 Allen Institute and Howard Hughes Medical Institute - Janelia Research Campus [21–23]).

To build a passive compartmental model of the CT1 cell, separate .swc files from EM reconstructions were first loaded in the Vaa3d

software to determine the respective compartment numbers at which the processes touch each other. After that, the separate

branches were stitched together resulting in a single .swc file (‘BigCT1.swc’) with 3749 continuously numbered compartments using

a customwritten Python code called ‘CT1stitcher.py’. In order to ensure that a parent branch had already occurred before a daughter

branch could be assigned to be connected to it, this procedure required extensive renumbering of the compartments. The resulting

.swc file was then used for compartmental modeling with the software called ‘CompModeling.py’, again written in Python. Briefly,

we first calculated an Adjacency matrix that indicated by a ‘1’ in cell [i,j] and cell [j,i] if compartment iwas connected to compartment

j and held ‘0’s otherwise. In the next step, we calculated from the Adjacency matrix a conductance matrix M, based on the x-, y-,

and z-coordinates and diameters of each compartment number using specific parameters for the transmembrane resistance

Rm, the axial resistance Ra and the specific membrane capacity Cm. If not stated otherwise, we used the following values:

Rm = 8000 Ucm2, Ra = 400 Ucm and Cm = 0.6 mF/cm2. Next, the program determined the membrane voltage Vm[t] at each compart-

ment and at each point in time t by iteratively solving the matrix equationM * Vm[t] = R, with R = Vm[t-1] * mc / Dt + ci[t], i.e., the mem-

brane potential at the previous time point Vm[t-1], multiplied by themembrane capacitymc, divided byDt, plus ci, the current injected

at this time point. If only steady-state was considered, the diagonal of the conductance matrix held no capacitive conductance and

the right-hand side of the equation simplified to the current vector. If synaptic input was simulated, the synaptic current vector was

added to the diagonal of the conductancematrix and, multiplied by the driving force of the current, to the right-hand side of the equa-

tion as well. To visualize the membrane voltage distribution across the CT1 cell (Figure 3A), the membrane potential was normalized

to its maximum value and stored as integer values between 20 and 20+255 within the second column of the .swc file. This file was

then read by the Vaa3d software which led to the images displayed in Figure 3A.

QUANTIFICATION AND STATISTICAL ANALYSIS

All acquired data were analyzed with custom written software in Python 2.7 (see [11]). Image registration was performed automat-

ically using vertical and horizontal translations.

Relative fluorescence changes (DF/F) from raw calcium traces were obtained by adapting an automatic baseline detection algo-

rithm [24]. Briefly, raw data were first smoothed with a Gaussian window (full-width at half maximum, FWHM = 1 s). Then, minima

within a 90 s long sliding window were extracted and the resulting trace smoothed with a Gaussian window (FWHM = 4 min). The

result was used as a dynamic baseline F0 and DF/F values were computed asDF/F = (F-F0)/F0. Regions of interest (ROI) were drawn

manually, covering single CT1-terminals in both lobula and medulla. For each ROI the signal was spatially averaged to create a DF/F

time trace. For the directional tuning experiment, all resulting traces were band-pass filtered (tauhp: 100ms, taulp: 500ms) and sub-

sequently normalized to the maximum response per acquisition and ROI. The response maxima were extracted and averaged over

ROIs and flies. Baseline levels were determined by taking the maximum in the two seconds before each visual stimulus presentation.

Spatiotemporal receptive fields were determined through reverse-correlation of the calcium responses to the white-noise stimulus

for each ROI (see [11]). The resulting receptive fields were normalized in z-score and only ROIs with z-scores above 9 standard de-

viations from the mean were used for further analysis. Receptive fields close to the borders of the stimulus arena (less than 28 de-

grees) were excluded. For the heatmap representation in Figure 2, all horizontal RFs were peak aligned and averaged for medulla and

lobula separately. Spatial traces were extracted through a cross-section through the peak along the spatial domain. The full-width at

half maximum was estimated by fitting a Gaussian function to the average spatial receptive field (R2 above 0.98 for all conditions).

Temporal traces represent a cross-section through 0 degrees in azimuth and elevation, respectively.

DATA AND SOFTWARE AVAILABILITY

Python programs used for the compartmental model as well as the .swc file containing the model-cell are available at https://doi.org/

10.5281/zenodo.2636606.
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