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Abstract 

Changes in luminance over space and time drive visual behaviors across species. Thus, sensitivity to 
luminance changes or contrast is fundamental to visual perception. Visual perception has to work in 
many different conditions, and these conditions can change rapidly. For perception unaffected by 
viewing conditions, contrast sensitivity must remain constant despite changing visual statistics, such as 
changes in mean luminance.  Across species, photoreceptor gain control maintains the system sensitive 
enough to capture light changes over vastly varying illumination, however the gain control often does 
not meet the goal of constant contrast sensitivity, especially in dynamic conditions. Yet, animals across 
the evolutionary tree seem to reliably interpret visual cues when they navigate environments, 
suggesting a role of post-receptor visual circuitry in revising contrast sensitivity through additional 
layers of luminance gain control. Furthermore, gain correction must occur across parallel divisions of 
visual processing hierarchies, such as in both the ON and OFF pathways, within their differential circuit 
architectures and physiology. How the post-receptor gain control operates towards a robust contrast 
sensitivity evident in behavior, and how this is organized across parallel pathways is not understood in 
any visual system. 

In this thesis, I study how the peripheral visual system of fruit flies Drosophila melanogaster organizes 
information processing to support robust contrast computation and guide behavior. In the first 
manuscript, we show that fly behavior is luminance invariant in dynamic conditions, although 
peripheral contrast computation is not. Two first-order interneurons L2 and L3 in parallel convey 
luminance and contrast information respectively, and the luminance information is key to revise 
contrast computation in downstream circuitry. Luminance information scales up contrast signals in 
sudden dim light, when photoreceptors and the first-order interneurons do not increase their gain 
sufficiently fast. Thus, the peripheral processing stages themselves do not achieve a fixed contrast 
sensitivity in dynamic conditions, but they preserve and relay the forms of information required for 
contrast refinement in downstream circuitry. Here, parallel processing of the features contrast and 
luminance is the strategy that helps tackle the challenge of processing visual cues dynamically (Ketkar 
et al., 2020). 

I next explore how ON and OFF pathways compare in the ways they implement parallel feature 
processing and enable luminance invariance, especially considering their anatomical and physiological 
distinctions. Whereas the OFF pathway in Drosophila receives both luminance and contrast inputs 
through L2 and L3, the ON pathway was known to rely on input from a single contrast-sensitive first-
order interneuron, L1. In the second manuscript, we show that the interneurons L1, L2 and L3 do not 
form ON- or OFF-specific inputs, but rather specialize in encoding contrast and luminance differently. 
Both ON and OFF pathways then benefit from this diversified luminance information as they compute 
luminance-invariant contrast in further processing stages. Therefore, the peripheral fly visual circuitry 
seems to first filter the photoreceptor signals differentially and then distribute them across ON and 
OFF pathways. In both pathways, luminance is required for behaviorally relevant contrast correction 
downstream of L1-L3. 
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Finally in the third manuscript, I perform a comprehensive analysis of behaviorally relevant luminance 
gain across many different contrast and luminance conditions. This work demonstrates that post-
receptor gain correction is a two-way process that can both enhance and reduce gain to restore the 
behavioral relevance of different contrasts. The correction is generally required across both fast and 
slow illumination changes. L2 contrast sensitivity scales with luminance even in fully adapted 
conditions, and the fixed contrast sensitivity seen in behavior is a result of post-L2 gain control. L3-
mediated gain correction plays a dichotomous role, wherein particularly dim stimuli are amplified, and 
contrast signals in bright conditions are either scaled up or down to make up for the nature of 
contextual gain deficit. Based on behavioral data, an algorithmic model proposes a multi-channel 
circuitry to explain the multitude of gain correction operations led by luminance signals. Therefore, the 
circuitry seems to adopt a strategy of parallel computations up to an advanced circuit element, where 
the features must eventually be integrated.  

In sum, these findings reveal how behavioral responses to ON and OFF contrasts can achieve constancy 
beyond the first two processing stages, owing to downstream luminance gain control strategies. This 
work sheds light on the neural correlates of contrast constancy in a more proximal circuitry than 
photoreceptors, and the genetic access to cell types in Drosophila allows to dissect neural circuitry 
while directly correlating cell type physiology with behavioral output. Considering the common 
environmental challenges faced by different species and shared computational principles around which 
the systems have evolved, the involvement of gain control hierarchy in behavior is likely similar across 
visual systems, including our own. 
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Introduction 

Vision is a major sensory modality in many animals. Biological vision has evolved to support survival of 
a great deal of species in vastly varying environments. Our own vision works efficiently across so many 
different viewing conditions where machine vision is still challenged to perform comparably well. It is 
no wonder that visual systems are immensely complex in terms of the cellular diversity that they host, 
and the physiological specializations that the diverse cell types develop in a hierarchical fashion. To 
understand how visual information guides behavior, it is essential to study how visual processing stages 
sequentially extract increasingly complex information. Such understanding would not only further our 
efforts of restoring biological vision, but also help improve algorithms of machine vision that are taking 
up increasingly crucial roles in our lives, such as in optical character or object recognition, or to develop 
autonomous navigation of cars. 

Peripheral processing is generally considered to extract basic features such as contrast, by adapting 
their gain to luminance. However, cellular constraints at each stage imply that contrast computation 
expected from a behavioral standpoint occurs in a distributed fashion across multiple processing 
stages. To delineate the circuitry underlying the orchestrated computation, it is necessary to 
understand the constraints on the peripheral contrast computation and the strategies that the circuitry 
adopts to overcome these limitations. In this thesis, I study the physiological role of peripheral 
processing stages in relaying information useful for perception and behavior. 

In the following sections, I recollect our current understanding of what perception and behavior 
demand from visual processing, and how different processing stages contribute to meeting these 
demands in varying visual environments. In the beginning, I argue that the visual feature ‘contrast’, 
which is considered to be an outcome of peripheral processing, forms the basis of visual perception 
and must be computed in specific ways to accurately represent visual cues. I proceed with reviewing 
how contrast is encoded by peripheral visual systems and how it is processed further in the visual 
hierarchy to derive behaviorally useful information. At this stage, I take a comparative approach to 
consider how visual systems of flies and vertebrates organize contrast processing in comparable ways, 
while noting dissimilarities stemming from the evolutionary distances between them. Lastly, I go 
through the common challenges in contrast processing and known strategies, before defining my aims 
for this thesis. 

1. Contrast: the most basic visual information 

Visual information arrives at the eyes as photons, but it must undergo several processing steps before 
it takes a useful form to guide perception or behavior. Photons arriving at a retinotopic location at a 
single time point are loaded with information, yet being uninformative before they are compared with 
another location or another time point. Only a difference in their number (intensity) or their energy 
(wavelength/color) is truly informative. Thus, to see is to see a difference, either spatially or temporally, 
in incoming photons.  
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Detecting a mere difference between the numbers of photons is neither possible nor useful. It is not 
possible because light intensities vary over ~10 orders of magnitude throughout the day, and by 4-5 
orders within a natural scene (Naka and Rushton, 1966; Pouli et al., 2010; Rieke and Rudd, 2009a). In 
contrast, the operating range of our light sensors – photoreceptors – is limited to two orders of voltage 
levels (Naka and Rushton, 1966; Normann and Perlman, 1979; Schnapf et al., 1990). Mere photon 
difference is also not useful for object recognition, a prime goal of visual processing, since the same 
objects reflect very different amounts of photons in different viewing conditions (Figure 1). Thus, 
capturing a vast range of differences in a perceptually useful way with a constrained apparatus is the 
first challenge our photoreceptors must tackle. They do so by detecting a photon difference relative to 
prevailing light conditions, generally termed as contrast (Laughlin and Hardie, 1978; Normann and 
Perlman, 1979; Normann and Werblin, 1974; Shapley and Enroth-Cugell, 1984). Thus, contrast is one 
of the first informative features that enters the processing pipeline.  

As contrast helps the detection of edges between objects or between differently lit areas, it forms the 
basis for extracting several features along the visual hierarchy, including edges, shape, orientation, 
motion and so on. All these features ultimately shape object recognition and other interpretations of 
visual cues including motion. Besides providing the substrate for feature extraction, the amplitude of 
contrast also encodes the strength of visual cues. For example, the temporal contrast cue generated 
by dark clouds sweeping over the sun is stronger than white clouds doing so, and the two cues may 
influence behavioral decisions differently. In line with this, behavioral responses scale with contrast in 
diverse species including humans, monkeys, mice, zebrafish, bees and fruit flies (Busse et al., 2011; 
Chakravarthi et al., 2016; Dakin and Turnbull, 2016; Keleş et al., 2019; Palmer et al., 2007; Rinner et al., 
2005). In hoverflies, descending neurons that are adapt to visual motion also rely on stimulus contrast, 
and they adapt to visual motion (Nicholas and Nordström, 2020). 

Contrast can be both chromatic (color contrast) and achromatic (brightness contrast), i.e. between two 
hues or between two intensities of the same hue. Purely temporal contrasts, emerging from 
illumination changes over a static scene, are largely achromatic. This thesis mainly concerns the 
encoding of achromatic contrasts, including and preferentially temporal contrasts, at the neural level 
and the question how this guides animal behavior. Before delving into contrast encoding by visual 
systems, I will summarize different ways of defining contrast as a physical parameter to describe visual 
scenes. 

1.1 Measures of contrast 

Contrast is the difference in luminances relative to mean luminance. Depending on stimulus structure 
over which to calculate mean luminance, different measures of contrasts are used. For example, Weber 
contrast 𝐶  is a suitable description, when one of two surfaces under comparison occupies a 
greater portion of the visual field, such as this white page with black text. The greater portion is 
considered background (white page), and the other surface makes an object (black text). The contrast 
is then denoted as  
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𝐶 =
𝐿 − 𝐿

𝐿
 

where L is the luminance of object or background. The definition assumes background luminance as 
the mean luminance, which thus normalizes the difference between object and background intensity. 
When surfaces cannot be classified as objects and backgrounds, but rather have a periodic structure 
such as square-wave gratings, Michelson contrast 𝐶  is computed as 

𝐶 =
𝐿 − 𝐿
𝐿 + 𝐿

 

where 𝐿  and 𝐿  are the luminances of the relatively more reflective and less reflective of the two 
surfaces. When describing light differences for a more intricate spatial structure embedding a range of 
reflecting properties – a case often found in natural environments – root-mean-square (RMS) contrast 
is particularly useful (Drews et al., 2020; Frazor and Geisler, 2006). RMS contrast is a measure of 
deviation around mean luminance of a scene, and for pairs of surfaces it is equivalent to Weber 
contrast. 

 

Figure 1: Contrast computed with reference to rapidly updating luminance is useful for object recognition. (A) Illumination 
changes rapidly due to motion, e.g. movements during a soccer game across sunlight and shadows (1 and 2) or slowly due to 
day-night changes (3). Consequently, the black and white patches of the soccer ball reflect different amounts of light in all 
three conditions. Yet the ball is perceived to be the same object, implying mere luminance difference (Lwhite -Lblack) that 
changes with illumination does not drive our perception. (B) Luminance difference normalized by the current reference (here, 
Lwhite) leads to a measure of contrast (here, Weber contrast) that remains constant across illumination conditions, thus 
supporting object recognition. (C) If a mean luminance over a large spatial/temporal window (Lmean) is used as reference, the 
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resulting contrast estimate would again vary in rapidly changing conditions. Thus, rapidly updating the luminance reference 
is essential for perceptually relevant contrast estimation across conditions. 

By any of these definitions, contrast is a luminance-invariant description of a stimulus, since contrast 
computation normalizes the raw luminance difference by mean luminance. However, mean of 
luminance values can be computed across different spatiotemporal scales. Weber contrast is 
sometimes defined for stimuli comprising more than two luminance values changing over time, where 
the mean of all values is taken as the normalizing parameter (Baden et al., 2013). Some other measures 
such as percent contrast or fractional contrast also often rely on a range of luminance values displayed 
over time rather than the immediately preceding luminance as the reference (Rister et al., 2007; Silies 
et al., 2013a). How visual systems encode contrast and which contrast measures ultimately guide 
appropriate behavior is particularly important. 

1.2 Behaviorally relevant estimation of contrast 

For the goal of object recognition, contrast encoded by visual systems between two objects/surfaces 
should compare their fixed properties, especially reflectance. The luminance-invariant measures of 
contrast listed above essentially are comparisons of reflectance (Shapley and Enroth-Cugell, 1984). 
However, the spatiotemporal scales at which perception has to work robustly determine the useful 
extent of averaging luminance, which serves as the normalizing parameter for contrast computation. 
For perceptual invariance over slow day-night transitions, averaging luminance over long time windows 
(of the order of minutes) is sufficient. In contrast, exploratory saccadic eye movements occurring every 
few hundred milliseconds as well as self-motion result in rapid scene changes, implying the reference 
luminance must be updated dynamically, rather than relying on mean luminance over long temporal 
windows (Figure 1) (Andrews and Coppola, 1999; Frazor and Geisler, 2006; Rieke and Rudd, 2009a). 
Similarly, scene statistics can vary substantially between spatial locations, and thus local luminance 
values instead of global means must be used as reference for contrast computation (Rieke and Rudd, 
2009a). In sum, contrast computation must be adaptive, such that the reference luminance should be 
updated by averaging on short temporal and spatial scales. 

Focusing on the temporal domain, perceptual reports indeed revealed that adaptive contrast 
computation guides perception at multiple timescales. At slow timescales where exposure to 
background luminance was a few minutes-long, just-detectable stimulus strength scaled with 
background luminance for a range of luminance, thus constituting Weber region of the threshold-vs-
luminance curves for both rod and cone vision (Aguilar and Stiles, 1954; Barlow, 1965; Koenderink and 
van Doorn, 1978; Nes and Bouman, 1967; Whittle and Challands, 1969). Similar measurements of cat 
behavior showed qualitative similarities with human contrast sensitivity (Pasternak and Merigan, 
1981). When the time course of adaptation was specifically examined, contrast sensitivity recovered 
to a considerable extent within 200 ms of background viewing (Adelson, 1982; Crawford, 1947; Hayhoe 
and Wenderoth, 1991; Hayhoe et al., 1987), matching the timescales of fixation between consecutive 
saccades. Likewise, contrast amplitude could be accurately perceived if presented after ~400 ms of 
background exposure (Kilpelainen et al 2011). Thus, visual systems can compute contrast relative to 
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rapidly updating luminance, and support perceptual invariance across luminance changes. On the other 
hand, contrast sensitivity further adapts for several tens of seconds (Adelson, 1982), arguing for 
contrast-coding mechanisms acting also on longer timescales, potentially to account for slow but large 
day-night luminance transitions. Notably, contrast computation adapts differently over different 
ranges of background luminance. Unlike the Weber region, where detection thresholds are 
proportional to background luminance, low luminance ranges comprise regions of constant threshold 
(‘dark light’ region) or thresholds increasing less steeply than the Weber region (e.g. Rose-de Vries 
region), indicating limitations of adaptation in very low luminance (Aguilar and Stiles, 1954; Barlow, 
1965; Rieke and Rudd, 2009a).  

Admittedly, accurate contrast estimation regardless of light changes is just one step towards object 
recognition. Perceptual invariance is achieved by the entire brain and also involves top-down control, 
however visual processing mechanisms alone explain many psychophysical observations related to 
contrast perception (Adelson, 2000; Blakeslee and McCourt, 2015). Especially, constant perception of 
contrast regardless of luminance i.e. contrast constancy is considered to emerge mainly due to 
adaptive visual processing, specifically peripheral processing.  

2. Neural basis of contrast processing 

Where in the visual circuitry is behaviorally relevant contrast computed? The earliest psychophysical 
assessments proposed ‘adaptation pools’ past photoreceptors, within which spatially summated 
signals enable adaptation by negative feedback (Rushton, 1965). Direct measurements of 
photoreceptor response demonstrated that photoreceptors themselves adapt to luminance and 
compute contrast, albeit with limitations. 

2.1 Photoreceptors 

Photoreceptors are entry points to visual systems and the entire visual perception is limited by their 
information capture (with the exception of ipRGCs in the vertebrate retina, considered below). To 
capture massive input changes with limited operating range, photoreceptor types across visual systems 
adapt their gain, defined as ratio of physiological response (e.g. voltage) to luminance changes. Gain 
increases at low luminance so that luminance changes do not go undetected, and decreases at high 
luminance so as to avoid saturation. In an ideal case of gain control the system follows Weber’s law, 
i.e. when the gain is inversely proportional to the mean luminance. Photoreceptor gain follows Weber’s 
law, at least after prolonged exposure to background (Baylor et al., 1980; Burkhardt, 1994). Adapted 
photoreceptor intensity-response functions measured at different background luminances appear 
copies of each other shifted along the log-luminance axis (Burkhardt, 1994; Laughlin and Hardie, 1978; 
Normann and Perlman, 1979; Normann and Werblin, 1974), indicating background-invariant encoding 
of (Weber) contrast (Figure 2). 

Mechanisms underlying photoreceptor gain control are diverse, ranging from rearrangement of 
screening pigments to modulation of the phototransduction cascade to membrane conductance 
changes and neuronal feedback (Abbas and Vinberg, 2021; Burkhardt, 1994; Fain et al., 2001; Frixione 
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and Pérez-Olvera, 1991; Kirschfeld and Franceschini, 1969; Zheng et al., 2006). Besides, adaptation of 
pupil size in vertebrates and eye optics in compound eyes of invertebrates add pre-receptor adaptation 
(Kirschfeld, 1976; Laughlin, 1989; Nilsson, 1989). The different mechanisms work at different 
timescales, ranging from a few milliseconds (e.g. Ca2+ homeostasis) to several minutes or even hours 
(e.g. photopigment regeneration). Especially, dark adaptation (recovery after photobleaching) requires 
extensive regeneration of photopigments, which may result in reduced sensitivity for several minutes 
after bleaching (Fain et al., 2001; Normann and Werblin, 1974). Fly photoreceptors complete a rapid 
phase of adaptation in 100ms, but the slow phase lasts up to 60s (Laughlin and Hardie, 1978). 
Therefore, contrast computed by photoreceptors, at least at light offset, is relative to a considerable 
luminance history and thus not always accurate enough for perceptual requirements.  

Importantly, photoreceptor response waveforms include a luminance-sensitive sustained component 
that marks their steady state (Figure 2). The steady-state response scales with luminance until it 
asymptotically attains a constant value at high luminance (Burkhardt, 1994; Laughlin and Hardie, 1978; 
Normann and Werblin, 1974). Whereas the sustained component is captured by some classes of first-
order interneurons, its function in image-forming computations is not clear. In the vertebrate retina, 
the sustained component from the rod-bipolar cell pathway may enter the cone pathway via the AII 
amacrine cells, where it is thought to enable contrast computation in scotopic conditions (Oesch and 
Diamond, 2011). Besides, sustained components are thought to constitute surround inhibitory fields 
of first-order interneurons, thus helping the subtraction of constant illuminant information (Laughlin, 
1989). 

Unsurprisingly, different receptor systems have different gain control properties and accordingly show 
different limitations with respect to contrast computation. Vertebrate rods specialize to deal with 
scotopic luminances and have a dynamic range of 1-1000 photons/s. They can theoretically relay single 
photon information, but adapt to very limited extent and saturate (Normann and Werblin, 1974). 
Cones in most species can control their gain effectively over a dynamic range of 100-107 photons/s 
(Abbas and Vinberg, 2021; Burkhardt, 1994; French et al., 1993; Normann and Perlman, 1979). 
Whereas vertebrate photoreception splits photopic and scotopic processing, invertebrate 
photoreceptors accommodate a wide dynamic range (1 to 106 photons/s in D. melanogaster) without 
pathway splitting (Abbas and Vinberg, 2021; French et al., 1993). These receptors efficiently control 
gain over many orders of high intensities, but not adapt at low intensities (Laughlin and Hardie, 1978; 
Laughlin et al., 1987). Thus, additional mechanisms are required to modulate gain at dim light, in case 
that such gain control is behaviorally relevant. In nocturnal species, mechanisms such as 
spatiotemporal summation improve signal-to-noise ratio, while trading off acuity (Stöckl et al., 2016a; 
Warrant and McIntyre, 1992). 

In vertebrates, intrinsically photosensitive retinal ganglion cells (ipRGCs) also capture photons by 
means of melanopsin, and their role in image processing has recently been uncovered (Reviewed by 
Spitschan 2019). A class of ipRGCs distributes sensitivity to different luminance regimes among the 
population, thus collectively achieving high resolution across a broad luminance range (Milner and Do, 
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2017). Besides providing luminance information for non-image forming functions, ipRGCs contribute 
to diverse visual tasks including brightness discrimination and color perception. Furthermore they 
undergo light adaptation, suggesting they signal contrast in addition to luminance (Brown et al., 2012; 
Do and Yau, 2013; Zele et al., 2018). However, similar to rods and cones, ipRGCs also adapt with 
variable time constants that go up to 20 s, and complete recovery of dark sensitivity takes up to 15 
minutes (Do and Yau, 2013). Thus, although potentially more sensitive across a broad luminance range, 
ipRGCs do not encode contrast with reference to rapidly updating luminance and thus may not support 
contrast constancy in dynamic conditions. 

 

Figure 2: Photoreceptors and the first-order visual interneurons of vertebrates and invertebrates share physiological 

properties, and also have some differences.  Schematic of the peripheral visual systems and their response properties. (A) 
Most vertebrate retinae have two classes of photoreceptors, rods and cones. Rods respond to luminance increments with 
hyperpolarization, and in many species they do not adapt to sustained luminance. As a result, their responses saturate and 
show dynamic range compression at higher luminance values. (B) Cones also respond to luminance increments with 
hyperpolarization, and their transience increases with increasing luminance. Cones adapt to a broad range of luminance, and 
their peak responses shift along the log(luminance) axis without compression, representing luminance-invariant contrast 
coding. The steady-state responses of cones (dashed line) also initially increase with luminance and eventually attain a fixed 
value. (C) Photoreceptors in flies, known as retinula cells respond to light increments with depolarization. They do not adapt 
strongly at low luminance, where their response is also mostly sustained, but adapt efficiently over a range of luminance, with 
their response getting increasingly transient. Retinula responses also encode luminance in their steady state (dashed line), 
similar to the vertebrate cones. (D) First-order interneurons of the vertebrate retina – bipolar cells – show a range of 
luminance- and contrast-sensitivity (example waveforms). Distinct classes of bipolar cells acquire ON and OFF selectivity. 
Depending on the luminance sensitivity of different classes, they capture luminance information in the steady-state response 
(dashed line). (E) Lamina monopolar cells (LMCs) in flies capture photoreceptor signals. They respond to light increments with 
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hyperpolarization, and can be classified as transient and sustained LMCs. The transient LMCs are described to subtract the 
luminance information and maintain a luminance-independent baseline, thus their responses are plotted as the deviation 
from the maintained baseline.  

2.2 First-order interneurons 

First-order interneurons capture luminance and contrast signals relayed by photoreceptors, with a 
range of sensitivities for the two features. In vertebrates, different bipolar cell classes have sustained 
and/or transient properties and thus both luminance and contrast features are relayed to different 
degrees (Awatramani and Slaughter, 2000; Baden et al., 2013; Euler et al., 2014a; Ichinose et al., 2014; 
Oesch and Diamond, 2011). Additionally, subtractive sensitivity modulations at this stage take place 
through surround inhibition, where lateral interactions are mediated by horizontal cells (Normann and 
Werblin, 1974; Werblin, 1974). Besides temporal specializations, bipolar cell classes also split 
processing of light increments and decrements, as well as chromatic and achromatic information (Euler 
et al., 2014a). Thus, highly specialized signaling properties emerge in the array of several bipolar cell 
classes (e.g. 14 in mouse), which instead of merely relaying photoreceptor signals, provide a rich 
substrate to the downstream processing stages. In line with this diversity, adaptation dynamics of 
bipolar cell classes also vary considerably, with their time constants ranging from 400 ms to 4 s 
(Awatramani and Slaughter, 2000; Baden et al., 2013). Therefore, at least some bipolar cell classes 
would relay luminance-dependent contrast signals under rapid changes. 

First-order interneurons of flies are also well-characterized. The main interneuron types, known as 
Large Monopolar Cells (LMCs) are canonically described as principally contrast sensitive, and discarding 
the steady-state luminance component (Laughlin and Hardie, 1978; Laughlin et al., 1987). However, 
more sustained characteristics of an LMC type L3 and its more monophasic temporal filter different to 
other LMCs are known (Fisher et al., 2015a; Hardie and Weckström, 1990; Silies et al., 2013a). The sign-
inverting photoreceptor-LMC synapses amplify contrast signals with a factor of 6-6.5, and LMC contrast 
responses are described as “more transient versions of photoreceptor responses” (Laughlin, 1989; 
Laughlin et al., 1987), suggesting they implement further temporal filtering. Subtraction of sustained 
components via mechanisms including surround suppression is also a part of LMC adaptation (Freifeld 
et al., 2013a; Laughlin, 1989; Laughlin and Osorio, 1989). For one, this helps LMCs get rid of constant 
illuminant information, thus opening their entire operating range to efficiently code the amplified 
contrast signals. Secondly, by not encoding luminance, the steady-state response level of LMCs can be 
maintained constant, allowing LMCs to stay at the midpoint of their operating curve and thus be 
sensitive to most probable intensity changes in the prevailing conditions (Laughlin, 1981). Moreover, 
LMCs also account for the skewed probability distribution of ON and OFF contrasts in natural scenes 
(Dyakova and Nordström, 2017; Van Hateren, 1997). Thus, LMCs seem to match their coding capacity 
to environmental statistics, better than the photoreceptors. However, with the additional mechanisms 
of adaptation at work, recovery of sensitivity in LMCs still remains slow. LMC sensitivity to light onset 
recovers within 200 ms, whereas adaptation to light offset even takes at least two minutes (Laughlin 
and Hardie, 1978). Moreover, the LMCs also seem to inherit the lack of adaptation at low intensities 
from photoreceptors, in that their contrast sensitivity increases with increasing adapting luminance 
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over 3-4 orders of magnitude. This imposes another challenge to contrast constancy in dim conditions, 
assuming that achieving constancy is behaviorally relevant under those light conditions. 

Altogether, different first-order interneurons of different visual systems may not provide accurate 
contrast information necessary for behavior. On the other hand, how the distinct physiologies of the 
interneuron classes, especially their sustained response components contribute to behaviorally 
relevant computations remains to be tested. 

2.3 More advanced processing steps 

Contrast signals past the second synapse contribute to the extraction of several other visual features, 
while they also get further refined. For example, retinal ganglion cells (RGCs) in vertebrates acquire 
feature specificity such as motion or orientation selectivity, while they also sharpen spatial contrast 
computation with the help of center-surround receptive fields (Baden et al., 2020; Enroth-Cugell and 
Lennie, 1975; Kaplan et al., 1979). Thus, further gain controls are at work, and may have multiple time 
constants (Wark et al., 2009). RGCs and cells at more advanced processing stages host both luminance 
and contrast gain control processes (Barlow and Levick, 1969; Beaudoin et al., 2007; Enroth-Cugell and 
Shapley, 1973; Garvert and Gollisch, 2013; Khani and Gollisch, 2017). Contrast gain control aims at 
optimal use of the neuronal operating range to encode prevailing luminance variances, and thus is not 
a primary requirement for contrast constancy (Carandini and Heeger, 2012).  On the other hand, 
luminance gain control - even at the advanced stages - may help achieving luminance-invariant contrast 
computation, especially when photoreceptors and the first-order interneurons do not fulfill this 
requirement. Under one such condition, where low backgrounds lead to high noise and cones may 
spuriously adapt to noise, the site of rapid adaptation switches to RGCs where relatively noise-free 
signals are available due to spatial summation (Dunn et al., 2007; Rieke and Rudd, 2009a). Such 
background-dependent coordination of luminance gain controls can ensure contrast constancy across 
varying environments. In line with this, cat LGN neurons can respond to contrast in a luminance-
invariant manner, with sensitivity adapting almost instantaneously (Mante et al., 2005). 

Unlike vertebrate systems, post-LMC gain controls in fly visual systems are seldom described. Besides 
recently discovered contrast gain controls (Drews et al., 2020; Matulis et al., 2020a), adaptation to 
velocity in order to encode ‘velocity contrast’ has been found in wide-field motion-sensitive neurons 
H1 (Maddess and Laughlin, 1985). Although post-LMC luminance gain controls are not explicitly 
studied, center-surround receptive fields of several neuron types indicate a scope of contrast 
refinement through spatial summation (Keleş and Frye, 2017; Ramos-Traslosheros and Silies, 2021). 
Wide-field neurons, e.g. dorsal medulla (Dm) neurons, analogous to vertebrate amacrine cells are also 
present in the fly eye to pool signals from the first-order interneurons (Fischbach and Dittrich, 1989; 
Nern et al., 2015a). Besides spatial mechanisms, contrast may also undergo refinement through the 
integration of distinctly filtered temporal signals, similar to the signal integration by motion-sensitive 
neurons (Borst, 2009; Egelhaaf and Reichardt, 1987; Ibbotson and Clifford, 2001; Silies et al., 2014). If 
such circuit interactions can lead to an improved constancy at advanced processing stages and in 
behavior has been unexplored. 
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2.4 Parallel ON and OFF contrast processing 

Light increments (ON contrast) and decrements (OFF contrast) are processed in parallel pathways in 
many visual systems (Clark et al., 2011a; Gollisch and Meister, 2008; Hubel and Wiesel, 1962; Joesch 
et al., 2010; Wässle and Boycott, 1991; Werblin and Dowling, 1969). In vertebrates, the pathways split 
at the stage of bipolar cells, as cone bipolar cell classes acquire ON and OFF selectivity through different 
glutamate receptor signaling. Fly LMCs do not acquire ON and OFF contrast selectivity, but the second-
order interneurons do (Behnia et al., 2014a; Serbe et al., 2016; Silies et al., 2013a; Strother et al., 2017). 
Among the Drosophila LMC classes, L2 and L3 make sign-conserving synapses with their downstream 
OFF-selective cells, whereas L1 forms a sign-inverting synapse with most of the downstream cells that 
constitute ON pathway (Arenz et al., 2017; Fisher et al., 2015b; Joesch et al., 2010; Molina-Obando et 
al., 2019; Silies et al., 2013a; Yang et al., 2016). This adds a first evidence from the fly eye to the 
common observation that OFF pathway elements are more numerous than the ON pathway, mirroring 
the dominance of dark pixels in natural scenes (Dyakova and Nordström, 2017; Odermatt et al., 2012; 
Ratliff et al., 2010). Visual systems continue to process the two contrast polarities in parallel and extract 
further features such as motion for both polarities separately (Baden et al., 2018; Maisak et al., 2013; 
Vaney et al., 2012).  

Processing of the two polarities has evolved in response to different environmental challenges, such as 
asymmetrical ON-OFF statistics of the visual world (Clark et al., 2014; Ruderman and Bialek, 1994) and 
comprises several structural and physiological asymmetries (Chichilnisky and Kalmar, 2002; Jin et al., 
2011; Leonhardt et al., 2016; Ratliff et al., 2010). Consequently, gain control works differently when 
light level increases than when it decreases. For example, detection thresholds are lower for 
decrements than for increments (Boynton et al., 1964; Krauskopf, 1980). Even phototransduction 
machinery adapts asymmetrically to the two polarities, with dark adaptation taking several tens of 
minutes (Abbas and Vinberg, 2021). Yet, perceptual contrast constancy is evident symmetrically for ON 
and OFF contrasts (Burkhardt et al., 1984), suggesting that visual circuitries fulfill perceptual demands 
similarly for the two polarities despite different resources and adaptation dynamics available. 

3. Studying contrast processing strategies in Drosophila in challenging conditions 

3.1 Challenges to contrast estimation 

Two fundamental discrepancies are evident, when perceptual requirements of contrast estimation are 
compared with the contrast signals generated by visual periphery i.e. photoreceptors and first-order 
interneurons. One, the peripheral systems compute contrast relative to seconds- to minutes-long 
luminance history, whereas stable perception despite environmental and self-motion requires rapidly 
changing luminance to be the reference for contrast computation. On the one hand, adapting to scene 
statistics over a large enough temporal window is a useful strategy to avoid inappropriate adaptation 
to noisy stimuli. On the other hand, the resulting luminance-dependent contrast estimate does not 
represent constant object properties in dynamic environments, thus challenging contrast computation. 
The second discrepancy is relevant specifically to the visual systems where classes of photoreceptors 
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dealing with dim light poorly adapt their sensitivity in a luminance range relevant for active behavior. 
For example, flies have such photoreceptors, and their unadjusted sensitivities in dim light would likely 
lead to lack of contrast constancy (Laughlin and Hardie, 1978; Laughlin et al., 1987). Thus, improving 
detection of dim light contrasts downstream of photoreceptors is another challenge to behaviorally 
useful contrast estimation. 

To tackle both of these challenges, visual systems must recruit more proximal processing stages to 
compensate for the limitations of the periphery. To establish contrast constancy in dynamic 
environments, the proximal stages must implement a corrective gain control that functions at rapid 
timescales and also circumvent the deleterious effects of adapting to noise. RGCs in some visual 
systems seem to implement such adaptation, although in very specific conditions (Dunn et al., 2007). 
How the presynaptic network may organize such conditional switch in gain control site is unclear. More 
importantly, if and how behavior benefits from post-receptor gain correction remains unexplored. The 
second challenge of improving dim light vision requires extensive spatiotemporal summation to 
improve signal-to-noise ratio, as has been suggested for nocturnal insects (Stöckl et al., 2016a; 
Warrant, 2017). However, peripheral circuit organization required to implement this strategy is again 
largely unknown. 

Additionally, the challenges must be tackled in all parallel pathways specializing in distinct feature 
extraction. Specifically, visual systems encounter ON and OFF contrast polarities in both dim light as 
well as dynamic environments. Segregated processing of ON and OFF contrasts is an energy-efficient 
strategy (Gjorgjieva et al., 2014), but implies that the contrast-corrective operations must take place in 
both ON and OFF pathways. Also, these operations have to compensate for pathway-specific deficits 
that emerge from asymmetrical adaptation mechanisms. If post-receptor gain correction is a common 
solution recruited by the two pathways is an intriguing question. For such shared solution, peripheral 
visual systems would need to feed the required information into both pathways. 

The Drosophila visual system offers an attractive model to address these open questions, for the 
reasons elaborated in the following section. 

3.2 The Drosophila visual system as a model 

Drosophila visual system is studied thoroughly to unravel various aspects of vision, ranging from 
luminance and contrast adaptation to local and global motion detection (Borst, 2014; Drews et al., 
2020; Matulis et al., 2020a; Ramos-Traslosheros et al., 2018; Silies et al., 2014; Song and Juusola, 2017; 
Zheng et al., 2006). The anatomy of the visual system and morphology of the cell types is known with 
exceptional detail (Fischbach and Dittrich, 1989). Even the connectivity between the cell types is getting 
progressively better understood, thanks to more recent connectomics approach (Shinomiya et al., 
2014a, 2019; Takemura et al., 2013a, 2017a). Genetic and molecular tools developed in D. 
melanogaster are unmatched and allow cell-type specific access to dissect individual circuit 
components, on molecular and physiological levels. For example, cell-type specific expression of 
fluorescent calcium indicators such as GCaMP allows measurements of calcium activity of the specific 
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neuronal population. Moreover, an array of behavioral paradigms informs about (fly-) perceptual 
relevance of various visual stimuli (Reiser and Dickinson, 2008; Silies et al., 2013a). 

The compound eyes of Drosophila encompass a hexagonal arrangement of visual units, named 
ommatidia (Figure 3A). Each of the ~750 ommatidia per eye has a separate lens, under which it hosts 
six identical photoreceptors, the retinula cells R1-R6, which constitute the achromatic visual pathway 
(Heisenberg and Buchner, 1977). Two other receptors R7 and R8 are major inputs to chromatic 
processing (Chou et al., 1996; Heisenberg and Buchner, 1977; Salcedo et al., 1999). Unlike the photopic-
scotopic split in vertebrate retinae, the same photoreceptors in flies deal with dim and bright light 
intensities (Asteriti et al., 2017), and R1-R6 provide sufficient information for achromatic visual 
behaviors over a broad luminance range (Heisenberg and Buchner, 1977). Like other dipteran eyes, 
Drosophila eyes are ‘neural superposition’ eyes, and combine high spatial resolution with high 
sensitivity (Agi et al., 2014; Katz and Minke, 2009; Kirschfeld, 1967).  

 

Figure 3: The Drosophila visual system processes ON and OFF contrasts in separate pathways.  (A) The fly eye comprises 
retinotopic arrangement of visual units named ommatidia (red). Each ommatidium houses photoreceptors R1-R6 as well as 
R7 and R8. Among them, R1-R6 project to the corresponding ‘cartridge’ in the lamina (dashed lines) and innervate 
predominantly LMCs (shown here in green, L3). LMCs project to the medulla that comprises layers M1-M10. Retinotopy is 
further maintained in the downstream neuropils lobula and lobula plate. (B) ON and OFF pathways emerge downstream of 
LMCs. L1 is the major input to the ON pathway, however L3 can contribute to the ON-motion selective T4 responses through 
Mi9. Mi1, Tm3, Mi9 and Mi4 are principal medulla interneurons that converge onto T4 dendrites. Besides, feedback neurons 
C2 and C3 (pale pink) also shape ON responses. In the OFF pathway, L2 and L3 are the major inputs, whereas T5 are the 
motion-selective neurons. L1 contributes to T5 function through Tm9, however its anatomical connection to Tm9 is unknown. 
Tm1, Tm2, Tm4 and Tm9 converge onto T5. Besides, CT1 – a wide-field amacrine cell is the only known inhibitory input to T5. 
Inhibitory inputs are shown in magenta, and the excitatory ones in black. Adapted from (Silies et al., 2014). 

Photoreceptors are part of the retina, and they project to the first neuropil called lamina, where they 
synapse with the first-order interneurons L1, L2 and L3, collectively known as lamina monopolar cells 
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(LMCs), as well as an amacrine cell (Fischbach and Dittrich, 1989; Meinertzhagen and O’Neil, 1991). 
LMCs receive photoreceptor input through a histaminergic synapse, and Ort is the main histamine 
receptor known to mediate the transmission (Gengs et al., 2002). Whereas photoreceptors depolarize 
with light increments, the inhibitory synapses lead to hyperpolarization in LMCs in response to the 
same stimulus. The lamina neuropil is also divided into retinotopically arranged columns called 
cartridges. This columnar retinotopic arrangement extends below the corresponding ommatidia. Thus, 
the eye includes ~750 copies of L1, L2 and L3 each, and the same applies to columnar neurons in further 
neuropils (Figure 3A).  

LMCs project to different layers of the downstream neuropil named medulla, where they innervate 
several columnar and multi-columnar (wide-field) neurons (Fischbach and Dittrich, 1989; Nern et al., 
2015a; Takemura et al., 2013a). L1 makes glutamatergic synapses with medulla interneurons Mi1 and 
Tm3, among other post-synaptic partners, which acquire ON contrast selectivity through sign-inverting 
synapses (Behnia et al., 2014a; Molina-Obando et al., 2019; Strother et al., 2017; Yang et al., 2016), 
and L1 is thus considered the ON pathway input (Figure 3B). L2 and L3 make cholinergic synapses, e.g. 
with Tm1, Tm2, Tm4 (post-L2) and Tm9, Mi9 (post-L3), and their post-synaptic partners retain OFF 
selectivity (Behnia et al., 2014a; Serbe et al., 2016; Yang et al., 2016). The second-order interneurons 
project to other layers of the medulla or downstream lobula complex, where some of them converge 
on the first direction-selective cells – T4 and T5 – that acquire sensitivity to local ON and local OFF 
motions, respectively (Behnia et al., 2014a; Shinomiya et al., 2019; Takemura et al., 2013a, 2017a). 
Here, neurons selectively processing a contrast polarity can contribute to motion processing of the 
other polarity too, since contrast-opponent receptive fields of T4/T5 are shown necessary for direction 
selectivity (Leong et al., 2016; Ramos-Traslosheros and Silies, 2021; Wienecke et al., 2018). The local 
motion cues are integrated by several classes of wide-field motion-sensitive neurons, commonly 
referred to as lobula plate tangential cells (Bahl et al., 2013; Maisak et al., 2013; Strother et al., 2017). 
LPTCs carry the motion information to central brain and eventually inform the motion-guided behavior 
(Boergens et al., 2018; Schnell et al., 2010; Wei et al., 2020a).  

Motion-guided behaviors are useful to assess several visual functions. Particularly, optomotor 
response of both walking and flying Drosophila has been examined as a readout of visual processing 
outcome (Buchner, 1976; Creamer et al., 2018; Götz, 1964; Silies et al., 2013a; Tuthill et al., 2013). 
Optomotor behavior is a reflex, by which flies attempt to counteract environmental motion, and this 
ability helps them in navigational course stabilization. Behavioral assays measuring optomotor 
response parallel human psychophysical assays, plus they can be combined with other 
neurophysiological measurements as well as manipulations (Chiappe et al., 2010; Seelig et al., 2010). 
Extremely valuable is the possibility of genetically silencing specific neuron types or connections and 
observing the impact of such manipulations on behavior. For example, cell-type specific expression of 
Shibirets, a temperature-sensitive, dominant-negative Dynamin mutation, can block synaptic 
transmission of the particular neuron type (Kitamoto, 2001). Behavioral measurements of Shibirets-
expressing flies can shed light on the silenced neuron’s overall contribution to the visual output. Using 
such tools, functions of neurons can be causally linked to behavior. 
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When studying the first-order interneurons, the Drosophila visual system offers an additional 
convenience – it comprises fewer of these interneurons as compared to the wide variety present in 
vertebrate retina. Thus, it is possible to understand the physiology of all principal channels of the 
transmission layer between photoreceptors and the downstream circuitry. This is of enormous 
importance, especially when we plan to exhaustively understand limitations of this layer in providing 
behaviorally relevant contrast information. 

4. Aim of the study and thesis structure 

Peripheral visual processing stages, namely photoreceptors and the first-order interneurons adapt 
their luminance gain and encode contrast, but they don’t reach the goal of contrast constancy due to 
their physiological constraints, both in dynamic conditions and in specific illumination conditions. If 
behavior still exhibits constancy under these conditions, more proximal circuitry has to implement 
corrective gain control and the peripheral circuitry has to organize transmission of relevant 
information. Exploiting the genetic accessibility of the Drosophila cell types, I aim to understand the 
extent to which contrast computation in Drosophila LMCs meets the behavioral expectation and when 
not, how their physiology and connectivity shape downstream contrast correction. Besides, I aim to 
study how contrast computation compares across parallel ON and OFF pathways.  

Together with my colleagues, I addressed these aims over three individual studies. In the first study, 
we aimed to explore if and how flies tackle the challenge of dynamic conditions. Inspecting motion-
guided behaviors of fruit flies Drosophila melanogaster, we aimed to define the behavioral expectation 
of contrast encoding that the visual system as a whole needs to fulfill. Given that the fly behavior was 
contrast constant when luminance changed rapidly, we examined how peripheral processing stages 
meet this expectation. Thus, we predicted contrast-sensitive responses of the first-order interneurons 
– LMCs – under the same dynamic conditions. Since the LMCs had very different temporal 
characteristics, we explored their individual coding properties and their distinct roles in driving 
behavior. As the contrast-sensitive LMC responses were insufficient to guide behavior under dynamic 
conditions, we tested the hypothesis that the OFF-pathway input with sustained properties – L3 – 
transmits the information necessary for contrast correction. For this purpose, we asked if genetically 
silencing L3 output abolishes contrast constancy in behavior. L3 encoded luminance, and the luminance 
information was indeed key to contrast-constant behavior across multiple luminance regimes. 

Knowing that fly behavior is contrast constant in dynamic conditions, I aimed to understand in a second 
study if this property generalizes across ON and OFF pathways. We first asked if and how the single 
major ON pathway input L1 could support contrast constancy in the ON pathway. Testing the temporal 
properties of L1 showed that contrast and luminance information was encoded differently by L1, L2 
and L3. Based on this, and informed by connectomics, we thus revisited the contribution of the three 
channels to distributing luminance information across ON and OFF pathways. To test the relevance of 
the two differentially encoded functions of luminance in L1 and L3, we genetically tested their necessity 
and sufficiency to ON and OFF contrast-constant behaviors.   
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In the last study, we focused on the OFF pathway and asked how LMC contrast sensitivity varies with 
adapting luminance and how it influences behavior across many different conditions, including various 
contrasts and also especially in dim conditions. We first explored if L2 responses would be sufficient to 
guide contrast-constant behavior if allowed to adapt nearly completely. Since L2 contrast signals 
showed luminance dependence even in adapting conditions, we asked how L3-mediated gain 
correction should vary across a range of luminance. For this purpose, we combined a computational 
modelling approach with behavioral measurement across a wide contrast-luminance space. L3 was 
required in seemingly contradictory ways across the luminance range and in rapidly changing 
conditions. To understand the implementation of the diverse gain control operations, we trained a 
model to predict the behavioral responses measured at different stimulus paradigms, and compared 
its output with behavior of wild type flies, as well as flies lacking the L3 channel.  
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SUMMARY

Visual perception scales with changes in the visual
stimulus, or contrast, irrespective of background illu-
mination. However, visual perception is challenged
when adaptation is not fast enough to deal with sud-
den declines in overall illumination, for example, when
gaze follows amoving object from bright sunlight into
a shaded area. Here, we show that the visual system
of the fly employs a solution by propagating a
corrective luminance-sensitive signal. We use in vivo
2-photon imaging and behavioral analyses to demon-
strate that distinct OFF-pathway inputs encode
contrast and luminance. Predictions of contrast-sen-
sitive neuronal responses show that contrast informa-
tion alone cannot explain behavioral responses in
sudden dim light. The luminance-sensitive pathway
via the L3 neuron is required for visual processing in
such rapidly changing light conditions, ensuring
contrast constancywhen pure contrast sensitivity un-
derestimates a stimulus. Thus, retaining a peripheral
feature, luminance, in visual processing is required
for robust behavioral responses.

INTRODUCTION

Sensory systems have evolved to detect changes rather than
absolute inputs from their environment. For example, while we
might forget that glasses are perched on top of our head, we
can feel an insect landing on our skin. Similarly, visual sys-
tems are well suited to detect changes in light intensity. In
many contexts, changes in perception are proportional to
relative changes in a stimulus (Weber contrast) [1, 2]. The abil-
ity to process such changes in sensory input under changing
conditions is crucial to the behavior and survival of many
organisms.

In vision, the most basic characteristic of a visual stimulus is
the distribution of luminance, which is the luminous intensity
per unit area. Rather than responding to luminance, many cells
in the visual system instead respond to contrast [3–5]. Contrast
can be defined in the temporal or spatial domain. Here, we study
temporal contrast, which corresponds to the relative change in
luminance (Weber contrast) over time at a single point in space.
We will describe a mechanism that ensures contrast constancy,
a visual phenomenon that allows discrimination of a visual
feature from its background solely based on its contrast, regard-
less of the global light level [2, 6–8].
Many visual systems are well suited to function at dusk, dawn,

or in daylight as well as in rapidly changing environments. In both
vertebrates and invertebrates, photoreceptor adaptation is a key
mechanism that ensures contrast computation irrespective of
background illumination [3, 6, 9]. Photoreceptor adaptation hap-
pens across different timescales that range from tens of millisec-
onds to tens of seconds [6, 10–13]. However, animals frequently
encounter close-to-instantaneous changes in luminance that far
exceed photoreceptor adaptation. For example, during self-
motion, saccadic eye movements, or when gaze follows a mov-
ing object into the shade, background luminance changes within
milliseconds. A failure to adjust light sensitivity equally fast would
lead to inaccurate calculation of contrast and a misinterpretation
of salient cues (Figure 1A). Therefore, the timescale of adaptation
might limit the capability of the visual system to ensure contrast
constancy in fast-changing light conditions, and thus may be
alone insufficient to explain robust visual behaviors under chang-
ing conditions.
Core visual circuits have been mapped in the fruit fly

Drosophila, which responds to visual cues at luminances span-
ning orders of magnitude [15–18]. Briefly, information passes
from the retina through the lamina and medulla to the lobula
complex. Visual information is computed in 800 parallel chan-
nels, together forming a retinotopic array. Downstream of
photoreceptors, visual circuitry splits into pathways that are
specialized to detect contrast increments (ON) or decrements
(OFF). The lamina neuron L1 forms the principal input to the
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ON pathway, whereas L2 and L3 are major input neurons to the
OFF pathway [19–21]. Together, L1–L3 are referred to as large
monopolar cells (LMCs). Based on behavioral experiments, L2
and L3 were considered to mediate fast and slow motion-pro-
cessing pathways, respectively [21, 22]. However, while L1
and L2 show transient responses to light and biphasic filtering
properties, L3 responses are sustained and display a mono-
phasic linear temporal filter [19, 21, 23, 24]. This argues that
L2 and L3 are sensitive to entirely different features of the vi-
sual scene.

In flies, voltage recordings have shown that the photore-
ceptor cells respond to prolonged, bright illumination with an
initial transient phase, which encodes contrast, followed by a
luminance-sensitive plateau, which lasts for the duration of
the stimulus [6]. Downstream LMCs are thought to amplify
photoreceptor contrast signals while discarding information
about constant illumination [13, 14]. Such contrast responses
in LMCs have been extensively characterized in flies that were
adapted to different mean luminances [14]. However, it is not
known how the visual system deals with contrast signals in a
non-adapted state. Ideally, an animal should be able to show
invariant responses to contrast under rapidly changing light
conditions. To achieve contrast constancy under such condi-
tions, information about illumination might be advantageous.
Interestingly, in the vertebrate retina, luminance sensitivity is

retained past photoreceptors at the bipolar cell to amacrine
cell synapse [25, 26]. Furthermore, intrinsically photosensitive
retinal ganglion cells can contribute to image-forming visual
functions [27–29]. However, in the Drosophila visual system, a
luminance-sensitive component has not been described past
photoreceptors. Furthermore, it is not known whether lumi-
nance indeed contributes to image processing past the initial
detection stage.
Here, we uncover a luminance-sensitive pathway in the

Drosophila visual system. Contrast-sensitive neuronal re-
sponses alone are insufficient to account for behavioral re-
sponses to changing visual stimuli, arguing for the presence of
a corrective signal that scales contrast-sensitive responses
when light levels suddenly decline. Through a series of in vivo
calcium-imaging experiments, we show that the two input
neurons to the OFF pathway, L2 and L3, encode contrast and
luminance, respectively. Luminance information from L3 is
necessary for appropriate behavioral responses to visual cues
when background luminance suddenly becomes dim. This
is true across a range of adaptation states. Our data demon-
strate that luminance information is retained in a specialized L3
pathway and used as a corrective signal that ensures contrast
constancy. This work thus highlights a novel mechanism that
allows accurate image processing under dynamically changing
light conditions.

A A’ A’’

B C

Figure 1. Contrast-Sensitive Neurons Underestimate a Visual Input in Sudden Dim Light
(A–A’’) Schematic illustrating the contrast-sensitive responses generated by an object (a predator) under different light conditions. The response of contrast-

sensitive neurons (CR) is computed as the difference between object and background luminance (IObj ! IBg), normalized by background luminance, (A and A’),

unless the change in background luminance is faster than adaptation (A’’). In (A’’), a contrast-sensitive behavioral response (R, solid line) will be smaller than in

(A and A’) because of insufficient adaptation, and thus underestimate the visual stimulus generated by the predator (dashed line). This needs to be adjusted by a

corrective signal (arrow).

(B) An LED arena surrounds a fly walking on an air-cushioned ball. The LEDs can show 16 different intensity levels. OFF edgesmove onto backgrounds of different

luminances (stars). Turning responses to five moving OFF edges varying in onset luminance, the gray box region indicates motion duration. n = 10 flies.

(C) Contrast-sensitive responses of LMCs are calculated for the stimuli in (B) according to previous recordings of canonical LMCs [14] and are plotted

together with peak turning velocities from (B). LMC response to the biggest contrast is aligned with the corresponding behavioral response. Traces and plots

show mean ± SEM.
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RESULTS

Contrast-Sensitive Neurons Underestimate Visual
Inputs in Sudden Dim Light
Contrast signals generally convey salient information about the
visual scene, and adaptation is one mechanism to ensure that
this is done accurately across light conditions (Figure 1A). To
compute contrast in a system that is fully adapted, the difference
in object and background luminance is normalized to back-
ground luminance. This ensures that the contrast signal remains
similar irrespective of illumination (Figures 1A and 1A’). However,
light conditions changing faster than neural adaptation mecha-
nisms might challenge visual perception when pure contrast
sensitivity underestimates a visual stimulus (Figure 1A’’). We
thus hypothesized the existence of a corrective signal that ad-
justs the behavioral response when flies suddenly enter a dim
area, where objects appear to be of low contrast (Figure 1A’’).
To test this idea, we first asked if changing light conditions
indeed provide a challenge for the visual system to accurately
compute temporal contrast. Behavioral responses to visual stim-
uli scale predominantly with contrast. If contrast computation
alone provides the relevant input to image processing when illu-
mination suddenly changes, behavioral responses and contrast-
sensitive LMC responses should vary together. We therefore
compared contrast-sensitive LMC responses with behavioral re-
sponses to the same set of visual stimuli.
We examined the flies’ behavioral response to OFF edges

moving onto different bright backgrounds, using a fly-on-a-ball
assay (Figure 1B). We showed one of a range of different back-
ground luminances for 500 ms, and then moved an OFF edge
onto this background. The five different background luminances
were randomly interleaved. Wild-type flies showed a co-direc-
tional turning response with the rotating OFF edge over the dura-
tion of the stimulus and displayed some counter-turning after the
end of the motion epoch. Quantification of the response to the
motion duration showed similar turning responses to all of these
five OFF motion stimuli (Figure 1B). Similar turning responses to
dark bars have been previously described [30].
Contrast-sensitive LMC responses have been thoroughly

characterized under many adapting conditions [14]. Previous re-
cordings of contrast-sensitive LMCs contain different lamina
neuron subtypes (L1 and L2, which are both transient), and we
will call their responses ‘‘canonical’’ LMC responses. These pre-
vious recordings allowed us to predict LMC responses to the
stimuli used in the behavioral paradigm. In order to predict the
responses, we first reconstructed a contrast-response curve
for our behavioral stimulus set. From this curve, we predicted
canonical contrast-sensitive LMC responses for all OFF edges
used (Figure 1C). In brief, because flies were not given enough
time to fully adapt to each background, we assumed adaptation
to the mean luminance during the entire stimulus and generated
a LMC response curve for this adaptation state from [14]. From
this curve, we calculated LMC responses as if a step were taken
from the adapted luminance to the luminance of the OFF edge
and the background individually, and generated ‘‘predicted’’
LMC responses as the difference between these two.
Comparing those predicted LMC responses with the fly

turning responses showed that LMC responses did not scale
with behavior but underestimated the stimulus for motion onto

dim backgrounds (Figure 1C). Therefore, another signal must
indeed exist that, together with pure contrast sensitivity, pro-
vides accurate information about visual stimuli in changing light
conditions.

Calcium Signals Are Contrast Sensitive in L2 but Not L3
Inputs to the OFF Pathway
A corrective signal that acts together with contrast-sensitive sig-
nals to generate appropriate behavioral responses could be pro-
vided by luminance information. Downstreamof photoreceptors,
LMCs have been described as inverted, transient versions of
their photoreceptor inputs, which signal contrast [13]. However,
the twomajor LMC input neurons to theOFF pathway, L2 and L3,
differ in their filtering properties [19, 21]. We therefore asked if
both L2 and L3 are indeed sensitive to contrast. We expressed
the calcium indicator GCaMP6f specifically in L2 or L3 and re-
corded calcium signals in response to light flashes in their
axon terminals using in vivo 2-photon imaging (Figures 2A and
2B). L2 and L3 showed the same response polarity to light
flashes, but while L2 axon terminals responded to light flashes
in a transient manner, L3 responses were sustained, even for
light flashes lasting tens of seconds [23] (Figures 2B and 2C). Re-
sponses in both L2 and L3 neurons were no longer significantly
different from the steady state 10.5 s (L2) and 11.7 s (L3) after
the OFF step (Figure S1). To explicitly test the contrast sensitivity
of L2 and L3, we presented different ON and OFF steps, all rela-
tive to an intermediate gray background (Figures 2D–2G). The
gray-to-dark steps ranged from !20% to !100% temporal
Weber contrast, c = (Idark – Igray)/Igray. Recordings from the
axon terminals of both L2 and L3 showed that their responses
varied with the contrast of the gray-to-dark step (Figures 2D–
F). However, the stimulus contained another set of contrast
changes, which occurred when returning to background gray
following an ON step (bright-to-gray steps, c = (Igray – Ibright)/
Ibright). L2 responses to these contrast decrements again
increased with contrast, while L3 showed almost no response
(Figures 2D, 2E, and 2G). Together, our data show that L2 and
L3 axon terminals respond differently to visual inputs. Calcium
signals in L2 are proportional to a wide dynamic range in terms
of contrast sensitivity. L3 neurons hardly responded to stimuli
that were returning from bright to gray.

L3 Is Luminance Sensitive and Particularly Active in Dim
Light
L3 only responded to contrasts presented at dim background,
but these stimuli also differed in luminance. To explicitly test
contrast versus luminance sensitivity in L2 and L3, we adapted
flies to a bright background and then provided two sequential
OFF steps (A and B steps), in which the first OFF step varied in
magnitude with respect to both contrast (c = (IA – Ibackground)/
Ibackground) and luminance. The second step varied in luminance
but always had 25%Weber contrast (c = (IB – IA)/ IA) (Figure 3A). A
similar stimulus has been used to describe luminance and
contrast coding at the bipolar-to-amacrine cell synapse in verte-
brates [25]. Differences in response to the first step can be attrib-
uted to either luminance or contrast, whereas only a cell that
measures fast temporal contrast will respond with the same
magnitude to all B steps. L2 calcium signals scaled linearly
with contrast, and all six responses to 25% contrast OFF steps
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were virtually indistinguishable from one another (Figures 3A–
3C). Interestingly, L3 showed significant differences in response
to the 25% contrast steps (Figures 3A and 3D). Plotting calcium
signals as a function of luminance revealed that L3 responses to
the A step were similar to the responses to the B step at a similar
luminance (Figure 3E), indicating that calcium responses in L3
are sensitive to luminance but not contrast over the timescales
of these stimuli.

We next tested L2 and L3 responses to the same luminance
values but associated with different contrasts (Figure 3F).
When flies were shown a stimulus that varied randomly between
five different luminances, L2 neuron responses scaled with the
magnitude of the recent step change in luminance. Furthermore,
calcium signals in L2 returned to one fixed baseline within each
10 s window (Figure 3F). In contrast, calcium signals in L3 axon
terminals did not adopt a single baseline but varied with

A B

C

D E

F G

Figure 2. Calcium Signals Are Contrast Sensitive in L2 Inputs but Not L3 Inputs to the OFF Pathway
(A) Schematic of shaded neurons illustrate the columnar organization of the visual system. 2-photon images below show L2 and L3 axon terminals.

(B and C) Calcium signals from L2 or L3 axon terminals in response to 5 s (B) or 60 s (C) light flashes. n = 23(130) flies (ROIs) for L2, n = 20(224) for L3 in (B), and

n = 5(79) for L3 in (C).

(D and E) Calcium signals in response to full-field flashes of different Weber contrast. Gray boxes mark the OFF responses.

(F and G) Quantification of the peak responses of the OFF steps shown in (D and E).

Sample sizes are n = 6(158) for L2 and n = 5 (93) for L3 in (D–G). All traces and plots show mean ± SEM. See also Figure S1.
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luminance and were most active at the lowest luminance
(Figure 3F). When we calculated mutual information between
stimulus and calcium signals, L3 showed significantlymore infor-
mation about luminance than L2 (Figure 3G). Mutual information
was indistinguishable between 2 s and 10 s of stimulus presen-
tation (Figure S2A). Analysis of the plateau component in many
cells confirmed that the L2 baseline always returned to zero
(Figures 3H and S2B). The plateau response of L3 was indepen-
dent of the preceding step but indistinguishable when the
stimulus ended at the same luminance (Figure S2C). Pooled
L3 responses for steps ending at the same luminance were high-
est in dim light and showed a non-linear decline with increasing
luminance (Figure 3I). Taken together, our data show that lumi-
nance information is retained in parallel to contrast information.
L2 and L3 thus extract different components of the photore-
ceptor response. Whereas calcium signals in L2 are sensitive
to contrast, L3 carries information about luminance.

L3 Neurons Are Required for Motion Responses when
Light Levels Suddenly Decline
Comparing canonical LMC responses and fly turning showed
that pure contrast sensitivity underestimated behavioral re-
sponses to moving stimuli (Figure 1C). Mechanisms such as
spatial pooling or sensorimotor processing might account for
this discrepancy [16, 31, 32]. Alternatively, the newly identified
luminance information might provide a corrective signal to
ensure contrast constancy. To test this, we selectively silenced
L2 or L3 outputs using shibirets (shits) and tested behavioral re-
sponses to the same OFF motion stimuli used above (Figures
1B and 1C). Compared with control turning responses, which
were similar across all stimuli, flies lacking L2 outputs showed
a significant reduction in response to all moving OFF edges (Fig-
ures 4A and 4B) [19, 21]. Whereas L3-silenced flies turned with
normal response amplitude to stimuli starting with higher lumi-
nance, they showed response deficits when the luminance at

A B C

D E

F G H I

Figure 3. L2 Is Contrast Sensitive and L3 Is Luminance Sensitive
(A) Schematic of the stimulus. Six different A-B-step combinations are illustrated by the grayscale of the trace. Shown below are average calcium signals of L2

and L3; darker traces correspond to larger OFF steps.

(B–E) Peak calcium responses of L2 (B andC) or L3 (D and E) plotted as a function of contrast (B and D) or luminance (C and E). Linear regressionmodel (black line)

were fit to the responses to the A step (B and D) or the A and B steps (C and E). The dashed lines indicate the 95% confidence interval.

(F) Example calcium trace of single L2 (blue) or L3 (green) axon terminals to a stimulus comprising 10 s full-field flashes varying randomly between five different

luminances.

(G) Mutual information between luminance and calcium signal, ***p < 0.001, two-tailed Student’s t tests.

(H and I) L2 (H) and L3 (I) plateau responses (last 2 s of each epoch) pooled for all steps ending at a given luminance. The maximum screen luminance Imax was

1.87*105 photons*s!1*receptor!1 in this figure.

Plots showmean ± SEM in (B–E andG–I). n = 10(132) flies (ROIs) for L2 and n = 10(126) for L3 in (A–E) and n = 26(436) for L2 and n = 31(512) for L3 in (G–I). See also

Figure S2.
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motion onset was low (Figures 4A and 4B). This result was
consistent when using a second L3-Gal4 line (Figure S3).

Strikingly, the behavioral response of L3-silenced flies closely
resembled the predictions of canonical LMCs for all stimuli
tested (Figure 4C). These data argue that L3 indeed accounts
for most of the discrepancy between purely contrast-sensitive
responses and behavior and provides a corrective signal in con-
texts where background illumination changes quickly. The re-
maining discrepancy can then be accounted for by subsequent
sensorimotor processing. This finding further allows for two in-
terpretations: L3 could be required in absolute dim light, or it

could be required in contextual dim light for each adaptation
state (i.e., the low end of the range of luminances encountered).
To distinguish these possibilities, we used a stimulus with iden-
tical parameters to the previous set but only containing the
darkest stimulus in which L3 silencing had the strongest effect.
If L3 is required at low luminance regardless of the animal’s
adaptation state, blocking L3 outputs will have a similar pheno-
type for behavioral responses to this OFF edge moving onto a
dark background. If the L3 requirement depends on the adap-
tation state, blocking L3 outputs will lead to different results de-
pending on the range of stimuli that the fly is presented with.

A

B

C D E

Figure 4. L3 Neurons Are Required for Behavioral Responses where Contrast-Sensitivity Underestimates a Stimulus
(A) Turning velocities for three OFF-edgemotion stimuli (0.98, 3.92, or 14.71*104 photons*s!1*receptor!1 background luminance, corresponding to the brightest,

intermediate, and dimmest of the five OFF edges shown in Figure 1B).

(B) Peak turning velocities for five OFF-edge motion stimuli (see Figure 1B), quantified during the motion period, *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed

Student’s t tests against both controls.

(C) Same data as in (Figure 1C), including peak turning velocities of L3-silenced flies.

(D) Turning velocities of control and L3-silenced flies in response to the dimmest OFF edge shown repeatedly. Dashed lines show data from (A). n = 10 flies each.

Traces and plots show mean ± SEM.

(E) Schematic summary. When a contrast-sensitive response underestimates the salience of a stimulus at relative dim light, a luminance-sensitive corrective signal

produces appropriate behavior. There is no luminance-sensitive scaling when the fly is presented with just the dimmest luminance. See also Figure S3.
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When flies were shown only the darkest background, the
turning response of control flies was similar to their responses
to the same stimulus from the full set comprising five different
backgrounds (Figures 4A, 4B, and 4D). Interestingly, blocking
the outputs of L3 when the fly only experienced this one back-
ground luminance did not result in a phenotype, contrasting
with the effect of L3 silencing when using a set of stimuli that
included brighter background luminances (Figure 4D). Thus, flies
do not adapt to each individual trial when different background
luminance levels are interleaved. Taken together, contrast-sen-
sitive lamina neurons cannot fully account for behavior, and L3
neurons are functionally required for OFF edge motion detection
in contextual dim light, relative to the range of stimuli that the fly
is encountering (Figures 4D and 4E). This is consistent with the
physiological specialization of L3 neurons, strongly responding
to dim stimuli. Our data thus suggest that luminance information
provided by a pathway via L3 scales behavioral responses when
pure contrast sensitivity underestimates the visual input.

L3 Physiological Properties Are Maintained at Different
Adaptation States
Calcium recordings showed that L3 neurons are luminance
sensitive and mainly active in dim light, but so far, we tested
this for one adaptation state in our imaging experiments. We
next wanted to know whether L3 calcium signals provide in-
formation about luminance at different adaptation states. To
test this, we used neutral density (ND) filters to change the
overall mean luminance of the stimuli "4-fold in our in vivo
2-photon recordings. We recorded the same flies in bright
and dim conditions. Using the stimulus that varied randomly
between five different luminances, L3 calcium responses
were sustained in both regimes and most active in dim light
(Figure 5A). L3 neurons showed a nonlinear decline with
increasing luminance for both conditions (Figures 5B and
5C). After adapting flies to a bright background and then
providing the two sequential OFF steps, L3 responses to
both the A and B steps scaled as a function of luminance in

A B C

D E F

G H

Figure 5. L3 Neurons Carry Information about Luminance at Different Adaptation States
(A) Calcium trace of single L3 axon terminals to a stimulus varying between five different luminances. Mean luminance varied "4-fold between bright and dim

conditions.

(B and C) L3 plateau responses pooled for all steps ending at a given luminance.

(D) Schematic of the stimulus. Six different A-B-step combinations are illustrated by the grayscale of the trace. Shown below are average calcium signals of L3 at

two different light conditions.

(E–H) Peak calcium responses of L3 in bright (E and F) and dim (G and H) conditions plotted as a function of contrast (E and G) or luminance (F and H).

Linear regression model (black line) were fit to the responses to the A step (E and G) or the A and B steps individually (F and H). The dashed lines indicate the

95% confidence interval.

Imax was 3.19*105 photons s!1 photoreceptor!1 for the bright and 7.55*104 photons*s!1*photoreceptor!1 for the dim condition. Plots show mean ± SEM in

(B, C, and E–H). n = 6(40) for L3 in bright and n = 7(46) in dim conditions.

Current Biology 30, 1–13, February 24, 2020 7

Please cite this article in press as: Ketkar et al., Luminance Information Is Required for the Accurate Estimation of Contrast in Rapidly Changing Visual
Contexts, Current Biology (2019), https://doi.org/10.1016/j.cub.2019.12.038



A

B

C D

Figure 6. L3 Neurons Are Required for Behavioral Responses at Different Adaptation States
(A) Contrast-sensitive responses of canonical LMCs are predicted for different luminance regimes and plotted together with measured peak turning velocities.

Each curve corresponds to one adaptation state.

(legend continued on next page)
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bright and dim conditions (Figures 5D–5H). These data sug-
gest that L3 neurons are luminance sensitive, such that their
calcium signals are highest in contextual dim light, for different
adaptation states.

L3 Neurons Scale Behavioral Responses to Match
Stimulus Contrast Under a Range of Light Conditions
We next asked if the luminance-based scaling of the LMC
response is required for behavioral responses at many different
light adaptation states. The behavioral assay allowed us to
examine a wider range of luminances compared with imaging.
We altered the luminance range of the stimulus using neutral
density filters, such that background luminance covered four or-
ders of magnitude (Figure 6A). Contrast sensitivity of LMCs
varies with adaptation to the mean of the luminance history
[14]. Previous LMC measurements again allowed us to predict
contrast-sensitive, canonical LMC responses under any of the
individual adaptation regimes [14] (Figure 6A).
We measured optomotor responses to the same set of OFF

edges as above. For low filter densities, corresponding to mod-
erate-to-high background luminances, wild-type responses to
moving OFF edges did not differ significantly from each other
(Figure 6A). At low luminance, the turning amplitude decreased,
indicating that flies were reaching visibility threshold. The behav-
ioral responses appeared to be a continuous function of lumi-
nance across the five adaptation states tested (Figure 6A). In
contrast to behavior, predicted canonical LMC responses drop-
ped to near zero at the lower end of each regime. LMC prediction
curves appeared shifted relative to each other. Within each
adaptation state, predictions of canonical LMC responses
were low for dim OFF edge stimuli, relative to the current lumi-
nance range (Figure 6A).
To test if this discrepancy can be accounted for by L3 function,

and if L3 is required for motion responses in all of these regimes,
we next silenced L3 under all stimulus conditions (Figure 6B).
Strikingly, we found that L3was not required formotion responses
in bright conditions for each adaptation state (Figure 6B, right
column). In contrast, L3 silencing led to deficits in motion detec-
tion at contextual dim light under all conditions that still produced
wild-type turning (Figure 6B). Moreover, behavioral curves for
turning responses in L3-silenced flies showed remarkable similar-
ity to predictions based on contrast-sensitive LMC responses
(Figures 6A and 6C). Together, luminance information from the
L3 pathway ensures appropriate behavioral responses to contrast
at different individual adaptation states (Figure 6D).

L3 Function Is Sufficient for Behavioral Responses to
Motion in Dim Light
Having established that L2 and L3 are contrast- and luminance-
sensitive inputs to the OFF pathway and that L3 is required
for appropriate behavioral responses to contrast, we asked
whether L3 is merely facilitating motion responses computed
by parallel pathways or whether an L3 pathway alone could

play a more active role in motion processing. The temporal con-
straints of calcium imaging do not allow us to measure the tem-
poral properties of L2 and L3 to the immediate onset of visual
stimuli. We therefore optically recorded voltage signals using
the genetically encoded voltage sensor ASAP2f [33]. Both L2
and L3 displayed a fast voltage response to the onset of light
(Figure 7A), consistent with previous LMC voltage recordings
[34, 35]. This argues that an L3 pathway alone could process vi-
sual motion cues and L3 neuronsmight be sufficient to generate
behavioral responses.
To test this hypothesis, we performed behavioral experiments

in which photoreceptor signaling to all but one lamina neuron
type were disrupted, using L3 ort (outer rhabdomeres transient-
less) rescues. ort is the gene encoding a histamine-gated chlo-
ride channel, the major receptor transmitting photoreceptor
signals to lamina interneurons [36]. Cell-type-specific expression
of ort in L3 in an ort mutant background enabled us to restore
photoreceptor inputs selectively onto L3 (Figure 7B). We found
that flies lacking Ort channels hardly responded to dim moving
OFF edges but could still respond to brighter stimuli (Figures
7C and 7D). Although this is in contrast to previous reports that
found that ortmutants to be motion blind [20, 37], we for the first
time used a defined null allele containing a 569-bp deletion within
the ort gene and leading to a premature Stop codon in trans to a
deficiency deleting the entire ort locus (ort1/ortDf). Our results
argue in favor of an ort-independent phototransmission (see
also [38, 39]). Since responses to dim OFF edges were small
in ortmutants, this allowed us to test L30s ability to rescue opto-
motor responses relative to this background. L3 ort rescue
completely re-established the responses to dim OFF edge
motion (Figures 7C and 7D). These findings show that the L3
pathway is sufficient for behavioral responses to motion stimuli,
again in dim light, indicating that fast contrast computation is still
present in the L3 pathway in addition to its luminance sensitivity.

DISCUSSION

In this study, we have demonstrated that contrast sensitivity
alone is not sufficient to explain the behavioral response to visual
stimuli. Luminance, the primary input to the visual system, is
additionally required for behavioral responses. We have shown
that the two OFF pathway neurons, L2 and L3, are sensitive to
fundamentally different visual features, contrast, and luminance.
The presence of a luminance-sensitive pathway boosts behav-
ioral performance where contrast pathways prove inadequate,
demonstrating a role for luminance in image processing. The
specific requirement of luminance signals in behavior, along
with the underlying L3 physiology, are consistent across a range
of adaptation states. Together, our data suggest that visual pro-
cessing can handle changing light conditions because the basic
luminance feature is passed on by the early fly visual system and
is utilized to modulate further computations in a behaviorally
relevant way.

(B) Time traces and peak turning velocities of control and L3-silenced flies, to the same stimuli as in Figure 4A. Rows correspond to five different adaptation states,

generated by ND filters. *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed Student’s t tests against both controls.

(C) Peak turning velocities from data in (B).

(D) A luminance-sensitive signal is scaling the contrast-sensitive response to produce appropriate behavioral responses at different adaptation states.

All data show mean ± SEM. n = 10 flies each.
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Transient and Sustained Signals Co-exist in the Visual
System and Other Sensory Systems
Here, we have shown that a sustained component in the lamina
neuron L3 is sensitive to luminance. First-order visual interneu-
rons have been characterized extensively, and canonical LMCs
are generally thought to be ‘‘amplified and more transient ver-
sions of photoreceptor responses’’ [13] and, therefore, contrast
sensitive. This contrast sensitivity is visible in L2 calcium re-
sponses. However, it was noted that L3 is physiologically distinct
and has a more pronounced sustained component and a slower
temporal filter compared with those of L1 and L2 [19, 21, 34, 35].
Electrophysiological recordings showed that the L3 membrane
potential did not return to baseline upon prolonged visual stimu-
lation [34, 35]. Our data show that this is more pronounced for
calcium signals and that L3 responds to a step change in lumi-
nance with a step change in GCaMP signal. Luminance informa-
tion is retained in a specialized L3-mediated pathway in parallel
to contrast-sensitive pathways to facilitate visual processing un-
der conditions that are challenging for purely contrast-sensitive
pathways.

The parallel presence of sustained (tonic) and transient
(phasic) responses has been observed in different neural sys-
tems. Examples include proprioceptive neurons, where tonic
and phasic neurons encode joint position andmovement, or me-
chanosensory neurons from Johnston’s organ, where tonic and
phasic responses encode antennal deflection and vibration,
respectively (e.g., [40, 41]).

Luminance Information Ensures Contrast Constancy
when Light Levels Suddenly Decline
Our findings suggest that a behavioral response to a stimulus of
varying temporal contrast in the Drosophila OFF pathway is
computed in two phases—first, contrast-sensitive LMCs, such
as L2, report the luminance difference relative to the adapted
luminance, and this signal is then subjected to corrective modu-
lation with the luminance information from the L3 pathway. In
species ranging from flies to humans, photoreceptor adaptation
mechanisms operate on different timescales, typically a faster
one that takes a fraction of a second and a slower one that lasts
several seconds or minutes [6, 10]. These processes allow visual
systems to operate under a wide range of luminances to detect
contrast as a salient feature in the environment. However, fast
changes in mean luminance caused by a shadow or by an ani-
mal’s own movement would cause high contrasts to elicit only
very small photoreceptor responses if the adaptation state was
not yet fully caught up. Consequently, signals encoded by
contrast-sensitive neurons would underrepresent the physical
contrast. The presence of a luminance-sensitive pathway ap-
pears to overcome these limitations to ensure accurate motion
detection in sudden dim light. This could happen through excit-
atory interactions between the L3 and the L2 pathways. At low
luminance, when L3 is most active, such an interaction would
amplify signals from contrast-sensitive neurons and thereby
allow for a behaviorally adequate response. Such an interaction
between luminance- and contrast-sensitive channels might be a

A B

C D

Figure 7. L3 Function Is Sufficient for Behavioral Responses to Motion in Sudden Dim Light
(A) ASAP2f signals recorded from L2 and L3 axon terminals. n = 11(72) for L2 and n = 14(74) for L3.

(B) Schematic showing the assay and genotypes for (C and D).

(C) Turning velocity time traces of ort!/! negative controls, ort+/! positive controls, and L3 ort rescue flies for three OFF edge stimuli.

(D) Peak turning velocities of L3 ort rescue flies and controls; stimulus parameters are as in Figure 4. **p < 0.01, two-tailed Student’s t tests against both controls.

Data show mean ± SEM. n = 9 flies each.
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general mechanism implemented in visual systems to explain
robust behavioral responses when adaptation timescales are
insufficient.

Mechanisms of Luminance and Contrast Processing
Downstream of the Lamina
Luminance and contrast signals must ultimately be combined
to control motion-guided behaviors. This could for example
happen in the transmedullary (Tm) or medulla intrinsic (Mi)
neurons that are postsynaptic to LMCs [42]. One major post-
synaptic partner of L3, Tm9, possesses similarly sustained re-
sponses to those seen in L3 [23]. Interestingly, Tm9 has wide
receptive field properties, potentially receiving input from
several neighboring columns [23]. Thus, Tm9 could serve to
integrate over space to identify a change in illumination and
help to distinguish global from local changes in signal. Tm9 re-
sponses further depend on the biphasic ON pathway input L1
[23], arguing that transient and sustained responses are com-
bined at this stage. All other major medulla OFF pathway inter-
neurons receive predominant input from L2 and have transient
response kinetics [33, 42, 43, 44]. Medulla neurons of the ON
pathway can also be separated into sustained and transient
types, and connectomics suggests that L3 could provide lumi-
nance information to both ON and OFF pathways [45]. Thus,
relative lamina neuron contributions might determine down-
stream response properties. Further integration could happen
in the dendrites of the downstream direction-selective T4 and
T5 cells. Luminance information might simply act on contrast
signals to scale them before they are spatiotemporally
compared. The addition of a DC component also enhanced
predictions of motion responses to slow apparent motion stim-
uli and reverse-phi illusion [46, 47]. Luminance-sensitive L3 re-
sponses may thus provide the neural substrates for conveying
this DC component to downstream visual circuitry.
Finally, L3 feeds into the color pathway by for example

providing input to Dm9 cells [48] and could thus help establish
color constancy.

A Role for Luminance in Image Processing Might Be a
Common Feature of Visual Systems
Our finding that the presence of luminance information down-
stream of photoreceptors allows for appropriate behavioral
response could suggest a selective advantage for animals
living in certain environments. It will be interesting to see if
different species with specific ethological constraints have
evolved similar luminance-sensitive pathways and how they
facilitate visual behaviors. The requirement for such a pathway
appears to be greater in animals encountering broad luminance
variance over short time periods. Although local mean and vari-
ance in natural scenes vary independently, a positive correla-
tion between them sometimes exists because of shadows
[49]. Because objects in bright sunlight tend to cast darker
shadows, diurnal animals are more likely to encounter wide
variance and to possess a luminance-sensitive channel.
Nocturnal animals, on the other hand, may require luminance
information to tackle challenges posed by low light levels.
Therefore, luminance information preserved beyond photore-
ceptors might facilitate behavior in different ways depending
on the species’ ethology.

Physiologically different LMC subtypes have been described
in different species. For example, LMCs in bumblebees and
butterflies exhibit sustained components [50, 51], and motion-
sensitive neurons perform better than photoreceptor responses
predict in the nocturnal hawkmoth [32, 52]. Interestingly, presyn-
aptic L2 and L3 calcium signals are highly reminiscent of
sustained and transient calcium signals in bipolar cells of the
vertebrate retina [53–55]. Information about luminance is re-
tained past vertebrate photoreceptors at the rod bipolar cell to
the AII amacrine cells synapse [25]. The rod bipolar cell pathway
is an important player specifically in dim light conditions.
Together, these findings suggest that luminance information in
the vertebrate retina is also used to aid image processing. In
line with this idea, human eyes come across substantial variation
in luminance every few milliseconds when inspecting natural
scenes with saccades [49, 56]. It has been suggested that gain
control to luminance fluctuations also occurs within the retinal
circuitry and past photoreceptor adaptation [57, 58]. Therefore,
our finding that the visual system uses luminance information
to aid contrast computation may reveal a general image pro-
cessing strategy utilized across phyla.
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STAR+METHODS

KEY RESOURCES TABLE

LEAD CONTACT AND MATERIALS AVAILABILITY

This study did not generate new unique reagents. Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Marion Silies (msilies@uni-mainz.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Flies used for 2-photon imaging and behavioral experiments were raised on a standard molasses-based food on a 12:12 h light-dark
cycle at 25#C and 55% humidity. Imaging experiments were conducted at room temperature (20#C) and behavioral experiments at
34#C. Female flies, 2-3 days after eclosion, were used for both types of experiments.

L2[21Dhh]-Gal4 was described in [37], L3[MH56]-Gal4 in [59], L3[0595]-Gal4 in [21]. UAS-GCaMP6f, UAS-shi[ts], Df(3R)BSC908
are from BDSC, UAS-ASAP2f is from [33]. The ort [1] chromosome described in [36] also carries the ninaE [1] mutation (see also
[38], and was therefore used in trans to a deficiency uncovering the ort but not the ninaE locus (ort [1],ninaE [1]/Df(3R)BSC809) for
ort mutant analysis. UAS-ort was first described in [60]. Full genotypes are given in the table below.

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

D. melanogaster: L3[MH56]-Gal4 [59] N/A

D. melanogaster: L2[21Dhh]-Gal4 [37] N/A

D. melanogaster: UAS-ASAP2f [33] RRID: BDSC_65414

D. melanogaster: ort [1], ninaE[1] [36] RRID: BDSC_1946

D. melanogaster: UAS-ort [37] N/A

D. melanogaster: UAS-GCaMP6f Bloomington Drosophila Stock Center (BDSC) RRID: BDSC_42747

D. melanogaster: L3[0595]-Gal4 [21] N/A

D. melanogaster: Df(3R)BSC809 BDSC RRID: BDSC_27380

D. melanogaster: UAS-shi[ts] BDSC RRID: BDSC_44222

Software

MATLAB Mathworks http://www.mathworks.com/

ImageJ National Institutes of Health https://imagej.nih.gov/ij

Genotypes Used in this Study

Name Genotype Figure

Imaging

L3>>GCaMP6f w+; L3[MH56]-Gal4 / +; UAS-GCaMP6f / + Figures 2, 3, 5, S1, and S2

L2>>GCaMP6f w+; UAS-GCaMP6f / +; L2[21Dhh]-Gal4 / + Figures 2, 3, 5, S1, and S2

L3>>ASAP2f w+; L3[MH56]-Gal4 / +; UAS-ASAP2f / + Figure 7

L2>>ASAP2f w+; UAS-ASAP2f +; L2[21Dhh]-Gal4 / + Figure 7

Behavior

UAS-shibire[ts] control w+; + / +; UAS-shi[ts] / + Figures 1, 4, and 6

L3-Gal4 controls w+; +/ +; L3[0595]-Gal4 /+ Figures 4 and 6

w+; L3[MH56]-Gal4 / +; + / + Figure S3

L3 block w+; +/ +; L3[0595]-Gal4 /UAS-shi[ts] Figures 4 and 6

w+; L3[MH56]-Gal4 / +; UAS-shi[ts] / + Figure S3

L2-Gal4 control w+; + / +; L2[21Dhh]-Gal4 / + Figure 4

L2 block w+; + / +; L2[21Dhh]-Gal4 / UAS-shi[ts] Figure 4

L3 ort rescue w+; UAS-ort / +; L3[0595]-Gal4, ort [1], ninaE[1] / Df(3R)BSC809 Figure 7

ort mutant w+; UAS-ort / +; ort [1], ninaE[1] / Df(3R)BSC809 Figure 7

L3 ort ± control w+; + / +; L3[0595]-Gal4, ort [1], ninaE[1] / + Figure 7
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METHOD DETAILS

Behavioral experiments
All behavioral experiments were conducted at 34#C, a temperature at which flies walk reliably and the restrictive temperature for
shibirets, and at 55% humidity. Female flies were cold anesthetized and glued to the tip of a needle at the dorsal side of the thorax
using a UV-hardened Norland optical adhesive. A 3D micromanipulator positioned the fly above an air-cushioned polyurethane ball
(Kugel-Winnie, Bamberg, Germany), 6 mm in diameter, located at the center of a semi-cylindrical LED arena [61]. The LED panels
arena (IO Rodeo, CA, USA) consisted of 570 nm LEDs that spanned 192# in azimuth and 80# in elevation and was enclosed in a
dark chamber. The pixel resolution was 2# at the fly’s elevation. Rotation of the ball was sampled at 120 Hz with two wireless optical
sensors (Logitech Anywhere MX 1, Lausanne, Switzerland), positioned toward the center of the ball and at 90# to each other
(described in [62]). Stimulus and data acquisition were coordinated using MATLAB. Data for each stimulus sequence were acquired
for 15 min (see ‘visual stimulation’ for details).

Visual stimulation for behavior
The LEDs can show 16 different, linearly spaced, intensity levels. The luminance of each of these levels was measured at the fly’s
position using a LS-100 luminancemeter (KonicaMinolta, NJ, USA). These values, originally recorded in candela/m2, were converted
to photons incident per photoreceptor per second, following the procedure described by [63]. In short, photon flux (570 nm
for the LED arena and 475 nm for the screen at the 2-photon microscope) available per unit area, solid angle and time, were
calculated. Estimating the fraction of this flux that enters each ommatidium required its average diameter, measured in
D. melanogaster to be 16-17 mm and the half width of its angular sensitivity function, which was estimated to be 8.23# [64].
Native luminance corresponding to the highest LED intensity, computed this way, was approximately 11.77 * 105 photons s-1

photoreceptor-1 (corresponding to a measured luminance of 51.34 cd/m2). The 15 dimmer luminances scaled linearly between
this value and close to complete darkness.
Flies were tested in an open-loop paradigm. Each epoch in a stimulus sequence consisted of an OFF edge moving at 192#/s on a

uniformly lit background. Epochs with five such background luminances were presented in a randomized order, showing 60 to 80
trials each. In each epoch, the background intensity lasted 500 ms before motion of the OFF edge began. A 750 ms motion period
was followed by a 1 s inter-stimulus interval, where the LEDs remained dark. Stimuli were presented in mirror-symmetric fashion (i.e.,
clockwise and anti-clockwise) to account for potential biases. When five OFF edge stimuli were interleaved, the display stepped to
complete dark from 7%, 14%, 27%, 54% and 100% of the highest LED intensity (corresponding to five different background lumi-
nances: (0.98, 1.96, 3.92, 7.84 or 14.71 *104 photons*s-1*receptor-1 background luminance). When a single OFF edge was repeated
(Figure 4D), only the 7% of maximum intensity step was used. Neutral density filter foils (Lee filters) were placed in front of the LED
arena to attenuate stimulus luminance. The foils were used individually or in combinations to achieve optical densities of 0.9 (Figures
1,6,7, S2), 1.8, 2.7 and 3.6 (Figure 6), thus creating luminance regimes that spanned about four orders of magnitude. Data for each
stimulus sequence were acquired for 15 min.

Two-photon imaging
Female flies were anesthetized on ice and then gluedwith a UV-sensitive glue (Bondic) onto a sheet of stainless steel foil, containing a
hole for the head and thorax of the fly.Mounting and dissection was done at room temperature. Flies were positioned in away that the
head was tilted downward, looking toward the screen and exposing the back of the head. The cuticle on the back of the head was
removed using breakable razor blades and fine forceps. The flies were perfused with a carboxygenated saline-sugar imaging solu-
tion. The saline composition was as follows: 103 mM NaCl, 3 mM KCl, 5 mM TES, 1 mM NaH2PO4, 4 mM MgCl2, 1.5 mM CaCl2,
10 mM trehalose, 10 mM glucose, 7 mM sucrose, and 26 mM NaHCO3. The pH of the saline equilibrated near 7.3 when bubbled
with 95% O2/5% CO2. Imaging experiments were performed on a Bruker Investigator 2-photon microscope (Bruker, Madison,
WI, USA), equipped with a 25x/1.1 objective (Nikon, Minato, Japan). The excitation laser (Spectraphysics Insight DS+) was set to
920 nm in order to excite GCaMP6f, applying 5-15 mW of power at the sample. Emitted light was sent through a SP680 short-
pass filter, a 560 lpxr dichroic filter and a 525/70 emission filter. Data was acquired using PrairieView software at a frame rate of
"20Hz using a frame size "60x200 pixels and 8x optical zoom.

Visual stimulation for imaging
For calcium imaging experiments, custom-written software using C++ and OpenGL was used to generate visual stimuli. For the
stimulus projection, we used a LightCrafter (Texas Instruments, Dallas, TX, USA) running at a frame rate of 100 Hz. Stimulus light
was sent through a 482/18 band pass filter onto an 8 cm x 8 cm rear projection screen, positioned anterior to the fly. The projection
screen spanned 60# of the fly visual field in azimuth and 60# in elevation. For imaging experiments in Figures 2 and 3 and 7, a ND1.0
neutral density filter (Thorlabs) was used to minimize stimulus bleedthrough, such that the brightest luminance measured at the fly’s
position was 1.87 * 105 photons s-1 photoreceptor-1. For imaging experiments at different adapting luminances (Figure 5), neutral
density filters were used to change the mean luminance of the visual stimuli. Luminances between the two conditions varied
"4-fold with 3.19 * 105 photons s-1 photoreceptor-1 maximum luminance for the bright condition and 7.55 * 104 photons s-1 photo-
receptor-1 maximum luminance for the dim condition. We recorded the same flies in bright and dim conditions, and randomly
switched the order between the two conditions for different flies.
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Visual stimuli are described below. All temporal contrast values were calculated using the definition of Weber contrast:

C =
Iafter ! Ibefore

Ibefore

Full-field flashes
Periodic, alternating, full-contrast light and dark flashes were presented. Each 5s stimulus period was presented for "10 trials, each
60 s period for "3 trials.
ON or OFF steps from intermediate gray:
The stimulus consisted of a 10 s gray period, followed by 5 s ON or OFF flashes of 20%, 40%, 60%, 80% or 100% contrast incre-
ments or decrements (Weber contrast). The light offset to gray backgrounds followingON steps thus included contrast decrements of
16%, 28%, 37%, 44% and 50%.
Flashes of different luminances
The stimulus consisted of 10 s full-field flashes of 5 different luminances (0, 0.25, 0.5, 0.75 and 1* of the maximal luminance Imax). The
order between the periods was randomized, resulting in 20 different step combinations with varying Weber contrast.
Contrast steps from adapted background stimulus:
To distinguish contrast and luminance sensitivity, we designed a stimulus after [25] containing a 30 s adapting periodmax luminance,
followed by two consecutive 3 s OFF steps: the A and B steps. The A step took one of 6 linear decreasing luminance values, resulting
in 6 different contrast steps relative to the adapting step. The luminance of the next OFF steps, the B step was one of 6 linear
decreasing luminance values, depending on the previous A step, all of which resulted in 6 equally sized 25%contrast steps. The order
of the different A steps and their associated B steps was randomized.

Prediction of contrast-sensitive LMC responses
Contrast-sensitive LMC responses were calculated for the stimuli tested in behavior (Figures 1,4,6). Different luminance regimes
were generated using ND filters, and thus corresponded to different respective adapting luminances.

LMC responses to different contrast steps at different mean adapting background luminances have been extensively character-
ized [22], and the response of LMCs per unit contrast (contrast response) is shown to vary with background luminance [14].

In our behavioral paradigm, contrast steps duringOFF edgemotion followed briefly displayed background luminances that differed
from the adapting luminance. We calculated the adapting luminance Imean as the mean luminance of a stimulus trace, comprising
equal occurrences of the five OFF edges and the dark inter-stimulus intervals.

To generate predicted LMC values for each adapting luminance, we fitted published data of LMC contrast response versus adapt-
ing luminance [14] with a sigmoid function using the method of least-squares:

f$x% = a

1+ e!b&$x!c%

where a = 133.9, b = 1.095, c = 4.505.This function was used to generate contrast response values (k) as a function of the adapting
luminances calculated for each luminance regime in our experiment. Contrast–response curves for an LMC can be best approxi-
mated by logistic sigmoid curves [14] centered at zero contrast and having a slope parameter equivalent to -k. Thus, the following
logistic function gave the predicted LMC responses, if a step was taken from Imean to the individual background or OFF edge
luminances:

RLMC =
1

1+ e!$!k%&C

LMC contrast-response curves in [16] were obtained by adapting the flies to a particular luminance and then exposing them to
steps of different Weber contrast. Here, contrast c is the temporal Weber contrast of either the luminance of the OFF edge or the
background as if steps were taken from the adapted luminance to either of these luminances. Therefore, contrast of the OFF
edge was always !1, and contrast of the background varied.

Contrast-sensitive LMC responses to the OFF edge moving onto a background were then calculated as

R = RLMC$OFF% ! RLMC$background%

where ROFF is the contrast-sensitive LMC response if the step was taken from Imean to the OFF edge intensity (0), and Rbackground is
the LMC response if the step was taken from Imean to the background luminance.

Contrast-sensitive LMC responses (R) were compared against behavioral responsesmeasured for the sameOFF edge stimuli (Fig-
ures 1C, 4C, 6A).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses of calcium imaging data as well as behavioral data were done using MATLAB (Mathworks, Natick, MA).
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Two photon calcium imaging analysis
To correct for movement during the imaging experiments, cross-correlation upon Fourier transformation was used to align the ac-
quired images to a reference stack composed of amaximum intensity projection of the first 30 frames. All responses and visual stimuli
were interpolated to 10 Hz and then averaged across the repeating trials. Regions of interest (ROIs) were selected manually and an
average intensity within individual ROIs was computed for each frame in order to generate a time trace of the response of each ROI.
All responses and visual stimuli were interpolated to 10 Hz and then averaged across the repeating trials. An exception was ASAP2f
voltage recordings, which were interpolated at 30 Hz. For all the stimuli, single ROI responses from L2 and L3 neurons were
correlated with the stimulus, and only the ones that were negatively correlated with the stimulus were used for the analysis [23].
Mean responses were calculated for all ROIs within a fly, and then between flies. All statistical analysis was performed between flies.
Full field flashes
For calculating dF/F = (F – F0)/F0, the mean fluorescence intensity signal of the whole trace was used as F0.
ON or OFF flashes from intermediate gray
For calculating dF/F, the mean fluorescence intensity signal of the trace to the gray step was used as F0. Peak OFF responses to the
OFF-to-gray or ON-to-gray steps were calculated relative to themean response over the 2.5 s before the step. A two-tailed Student’s
t test was used to test for statistical differences between equivalent OFF steps.
Flashes of different luminances
To calculate dF/F, the mean fluorescence intensity signal of the trace to the 100%ON step was used as the F0. The plateau response
was calculated as the maximal difference in the calcium signal at the last 2 s of the response compared to the mean baseline
response during 2 s before the step. One-way analysis of variance (ANOVA) was used to test for differences between responses
to different steps ending at the same luminance. We used Shannon’s information theory to estimate which cell encodes more
information about luminance according to [65]. Mutual information was calculated either for the whole response trace, or for 2 s
time bins.
Contrast steps from the adapted background stimulus:
To calculate dF/F, F0 was calculated as the mean calcium response at the last 5 s of the 30 s adaptation period. Calcium responses
were calculated as the maximal calcium response in the first 3 s after the step (for both A and B step) compared to the mean baseline
response over the period of 5 s before the step. One-way ANOVA was used to estimate whether responses to the B step were signif-
icantly different within the same genotype.

Behavioral analysis
To analyze behavioral responses of flies tomoving stimuli, yaw velocities of the flieswere derived as described in [62]. Velocities in the
direction of stimulus motion were deemed positive and those against the stimulus, negative. Fly responses to eachmirror-symmetric
stimulus pair were aggregated while computing mean response of the fly to that stimulus category. Time series of turning responses
presented here consist of velocities averaged across flies ± SEM (Figures 1B, 4A,D, 6B, 7C, Figure S3A). Flies with a forward walking
speed less than 3 mm/s were discarded from the analysis, resulting in rejection of approximately 20% of all flies. Peak turning ve-
locities were extracted for each fly from trial-averaged instantaneous yaw velocities over the stimulus motion interval (750 ms),
considering a 100 ms response latency. These peak velocities were then adjusted for baseline turning separately for each fly, by
subtracting the maxima of the trial-averaged velocities over the last 200 ms of the preceding inter-stimulus intervals. Mean turning
of flies from control and experimental genotypes was first tested for normal distribution using a Kolmogorov-Smirnov test. To
examine statistical differences between genotypes, two-tailed Student’s t tests were used. Data points were considered significantly
different only when the experimental group differed from both genetic controls significantly (Figures 4B, 6B, 7D; S3B).

DATA AND CODE AVAILABILITY

The datasets generated during this study are available at Mendeley Data https://dx.doi.org/10.17632/p7xskvwktk.1. Analysis code
corresponding to the key analyses is available at https://github.com/silieslab/KetkarSporar_CurrBiol_2020. Further information is
available upon request by Lead Contact, Marion Silies (msilies@uni-mainz.de).
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Figure S1: Analysis of L2 and L3 neurons’ steady state after a prolonged OFF 
flash. Related to Figure 2.
(A,B) Calcium signals from L3 (A) or L2 (B) axon terminals in response to 60 s OFF 
flashes of 100% contrast were fit with an exponential decay function (y = c + a*ebx) 
using the method of least squares. The constant ‘a’ represents the steady-state 
response. The arrow denotes the time point at which calcium signals are no longer 
significantly different from the steady state, determined with a one-sample t-test. N = 
8(68) for L2, N = 5(89) for L3.
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Figure S2: L3 neurons are luminance sensitive. Related to Figure 3.
(A) Mutual information between stimulus luminance and calcium signal, calculated 

for 2 s time windows. (B,C) Bar plot showing the L2 (B) or L3 (C) plateau responses 

measured for all steps ending at -100% OFF, -50% OFF, gray, 50% ON and 100% 

ON, calculated as the average response across the last 2 s of stimulus presenta-

tion. Gray lines surrounding the bars represent the ON steps and black lines repre-

sent the OFF steps. One-way analysis of variance (ANOVA) was used to test for 

differences between responses to different steps ending at the same luminance. 

Sample sizes given as N = # flies (# cells) are N = 26 (436) for L2 and N = 31 (512) 

for L3 in (A-C).
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Figure S3: L3 neurons are required for motion responses in dim light. Related to Figure 4.
Same experiment as in Figure 4, but using another L3-Gal4 driver line. (A) Time traces showing turning velocities 
of controls and L3-silenced flies for three of the OFF edge motion stimuli as in Figure 1B. Traces show mean ± 
SEM; the gray box region indicates motion duration. (B) Quantification of the results shown in (A). Peak turning 
velocities during the motion period are plotted against background luminance. Curves show mean ± SEM. 
*p<0.05, ***p<0.001, tested with two-tailed Student t tests against both controls. N=10 for UAS-shits/+, N=7 for 
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Abstract 

In vision, the accurate processing of contrast information is the basis for all visually-guided behaviors. 
A particular challenge in visual scenes with quickly changing illumination is the luminance-invariant 
computation of contrast. This computation relies on the processing of luminance information itself and 
has to be achieved in parallel ON and OFF contrast-selective pathways. How different feature 
extraction mechanisms, that are either ON or OFF selective, and either encodes luminance or contrast 
are coordinated across visual pathways is not understood. Here we show that postsynaptic to 
Drosophila photoreceptors, the L1, L2 and L3 neurons distribute distinct contrast and luminance signals 
to both ON and OFF pathways. Contrast constancy in both pathways requires luminance information, 
which is provided by the known luminance-sensitive neurons L3, as well as L1. L1 supports contrast 
computation linearly across the luminance range, whereas L3 non-linearly amplifies contrasts at dim 
luminance. In vivo calcium imaging experiments reveal that the physiological specializations of L1 and 
L3 directly inform their behavioral requirements. Together, L1 and L3 do not form ON- or OFF-specific 
inputs but differentially support behaviorally relevant computations in both contrast-selective 
pathways.  

 

Introduction 

Animals extract different sensory features from the environment to guide proper behavior needed for 
survival. Distinct sensory features are commonly processed in parallel sensory pathways. Very early in 
signal processing, sensory systems split the processing of increases and decreases in a stimulus into 
two distinct pathways, the ON and OFF pathways. This dichotomy, which is found across sensory 
systems including vision, olfaction, audition, thermosensation and electrolocation (Bennet MVL, 1971; 
Clark et al., 2011a; Gallio et al., 2011; Joesch et al., 2010; Scholl et al., 2010; Tichy and Hellwig, 2018; 
Werblin and Dowling, 1969) is computationally and metabolically advantageous (Gjorgjieva et al., 
2014). In vision, positive and negative luminance changes (i.e. ON and OFF contrasts) are split and 
processed in parallel first by contrast-selective neurons (Werblin and Dowling, 1969), and this split is 
subsequently passed on along visual circuitry (Baden et al., 2020; Popova, 2015). Besides the ON vs. 
OFF dichotomy, visual systems process several other features in parallel, including chromatic vs. 
achromatic information and luminance vs. contrast (Kaplan, 2008; Thoreson and Dacey, 2019), which 
have to intersect with the ON and OFF pathways. The feature luminance, in particular, is shown to be 
crucial for an accurate estimation of contrast in vision. It provides a corrective signal that scales 
contrast computation when background luminance quickly changes, a condition under which contrast-
sensitive neurons alone cannot accurately compute contrast (Ketkar et al., 2020). Thus, this corrective 
luminance signal is likely to interact with both contrast polarities. However, the ON and OFF pathways 
are not mere sign-inverted versions of each other. They face different environmental challenges, such 
as asymmetrical ON-OFF statistics of the visual world (Clark et al., 2014; Ruderman and Bialek, 1994) 
and have evolved several structural and physiological asymmetries (Chichilnisky and Kalmar, 2002; Jin 
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et al., 2011; Leonhardt et al., 2016; Ratliff et al., 2010). How luminance and contrast information 
distribute across ON and OFF pathways and how these impact behavior remains unexplored.   

In humans, visual perception scales with contrast. This property is invariant to changes in luminance, 
and therefore contrast constant. Contrast constancy is accomplished symmetrically across positive and 
negative contrasts (Burkhardt et al., 1984). Consistent with the idea that this might be a general feature 
of visual systems, the OFF motion pathway in fruit flies also displayed such luminance-invariant, 
contrast-constant behavior. In fly visual circuitry, a luminance-sensitive pathway scales contrast 
responses and is required for luminance-invariant behavioral responses (Ketkar et al., 2020). 
Luminance information is preserved in a dedicated pathway immediately downstream of 
photoreceptors, mediated by the first order interneuron L3. Similarly, in vertebrates, the two 
fundamental features contrast and luminance are also retained in parallel, either as components of the 
same neuronal responses or in distinct neurons (Kaplan, 2008; Oesch and Diamond, 2011). Luminance 
information is likely available to both ON and OFF pathways, as first order interneurons with sustained 
characteristics exist in both pathways (Ichinose and Lukasiewicz, 2007; Odermatt et al., 2012; Oesch 
and Diamond, 2011). However, the functional role of luminance in the ON pathway is not understood 
in any system.  

In the fruit fly Drosophila melanogaster, the ON and OFF motion pathways have been well 
characterized on the cellular, circuit and behavioral levels (Silies et al., 2014; Yang and Clandinin, 2018). 
Thus, the fruit fly offers a promising model system to study the pathway-specific function of luminance. 
In the fly visual system, neurons were assigned to distinct ON or OFF pathways based on their 
physiological properties (Behnia et al., 2014b; Serbe et al., 2016; Silies et al., 2013a; Strother et al., 
2017), anatomical reconstructions of the visual system (Shinomiya et al., 2014, 2019; Takemura et al., 
2013, 2015; Takemura et al., 2017), and behavioral studies (Clark et al., 2011a; Silies et al., 2013a; 
Strother et al., 2017). ON and OFF contrast selectivity first arises two synapses downstream of 
photoreceptors, in medulla neurons (Behnia et al., 2014b; Molina-Obando et al., 2019; Yang et al., 
2016). They receive photoreceptor information through the lamina neurons L1-L3 which project to 
specific medulla layers (Fischbach and Dittrich, 1989; Meinertzhagen and O’Neil, 1991). Although L1-
L3 all show the same response polarity and hyperpolarize to light onset and depolarize to light offset, 
L1 projects to layers where it connects to ON-selective medulla neurons and its glutamatergic synapse 
mediates the sign inversion required to become ON selective. Cholinergic L2 and L3 project to distinct 
layers where OFF-selective medulla neurons get most of their inputs (Shinomiya et al., 2014; Takemura 
et al., 2013). L1 was thus thought to be the sole major input of the ON pathway, whereas L2 and L3 are 
considered the two major inputs of the OFF pathway (Figure 1A) (Clark et al., 2011a; Joesch et al., 2010; 
Silies et al., 2013a). Among these, L3 has been shown to maintain luminance information that shapes 
OFF-motion guided behavior in parallel to the contrast-sensitive L2 (Ketkar et al., 2020). It remains 
unexplored so far, whether the ON-motion driven behavior also requires luminance information and if 
yes, whether the single input L1 can provide it along with its contrast signal (Figure 1B). 
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Figure 1: Current model of the major ON and OFF pathway inputs behind contrast-constant behavior. (A) Schematic of 
lamina neurons projecting from the lamina to the medulla neuropils. L1 as the main input to the ON-pathway and L2+L3 to 
the OFF pathway. (B) Different visual features as signals from L1 L2 and L3 to downstream partners required to elicit 
contrast-constant behavior. 

Notably, motion-sensitive neurons with contrast opponent receptive fields exist in visual pathways 
(Ramos-Traslosheros and Silies, 2021), arguing that ON and OFF pathways maybe are not as clearly 
segregated. Interactions between ON and OFF pathways must further exist because of behavioral 
responses to visual illusions containing both ON and OFF stimuli (Salazar-Gatzimas et al., 
2018).  Furthermore, anatomical reconstructions reveal multiple interactions between the canonically 
defined pathway splits (Shinomiya et al., 2019; Takemura et al., 2013). For example, L3 makes synaptic 
connections with ON-selective medulla neurons of core motion detection circuitry, suggesting that L3 
could provide luminance input to ON motion processing. At the functional or behavioral level, it is not 
understood if or how luminance and contrast information are relayed across the ON-OFF pathway split. 

Here, we show that luminance information is distributed to, and is of behavioral relevance for, both 
ON and OFF pathways. First, an offset between contrast-sensitive responses of the major ON pathway 
input L1 and behavioral responses to moving ON stimuli argues that luminance information is required 
in the ON pathway. A combination of behavioral experiments and in vivo calcium imaging experiments 
show that two of lamina neuron cell types provide this information: the luminance-sensitive channel 
L3, as well as L1, which encodes both contrast and luminance in distinct response components. While 
L1 signals have a linear relationship with luminance, L3 non-linearly amplifies contextual dim light, and 
these differential luminance-encoding properties translate into distinct behavioral roles. Additionally, 
both luminance-sensitive neurons are required and sufficient for OFF behavior. Together, our work 
argues that L1 and L3 do not constitute ON- or OFF-specific inputs, as previously thought. Instead, the 
three first order interneurons encode luminance and contrast differentially, such that both ON and OFF 
pathways benefit from differentially extracted peripheral visual features. Together, our data 
demonstrate how the most peripheral visual feature luminance is distributed to both ON and OFF 
pathways to guide behavior. 
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Results…. 

L1 responses to contrast do not explain ON behavior 

Across species, behavioral responses to ON and OFF contrasts can be luminance invariant (Burkhardt 
et al., 1984; Pasternak and Merigan, 1981). Such contrast-constant behavioral responses have for 
example been shown in the Drosophila OFF pathway (Ketkar et al., 2020). We first asked if constancy 
is achieved in the ON pathway as well. To test this, we measured turning behavior of walking flies in a 
fly-on-a-ball assay. Flies were shown moving ON edges of different luminances, but all comprising the 
same 100% Michelson contrast. Fly turning responses were highly similar across edge luminances 
(Figure 2A,B, anova: p=0.09) suggesting constancy. We still noticed that low-luminance edges elicited 
slightly larger turning responses than brighter edges. We next examined if contrast responses of the 
sole ON pathway input L1 carry sufficient information to drive this behavior. We expressed GCaMP6f 
cell-type specifically in L1 and measured in vivo calcium responses to visual stimuli using a two-photon 
microscope. We presented the fly with moving ON edges that had comparable parameters and 
overlapping luminance values as those used in the behavioral assay (Figure 2C). 

 

Figure 2: L1 responses to contrast do not explain ON behavior across luminance.  (A) Schematic of the behavioral assay and 
stimuli. Multiple moving ON edges of 100% contrast are displayed on the LED arena that surrounds a fly walking on an air-
cushioned ball. The edge luminance takes five different values shown next to the edges, and the background screen is always 
dark (~0 luminance). (B) Turning responses of UAS-shits/+ flies to the moving ON edges varying in edge luminance, color-coded 
according to the edge luminance (based on A). The gray box indicates motion duration. n = 10 flies. (C) For in vivo calcium 
imaging of L1 activity, single ON edges of six different luminances were shown. L1 axon terminals in medulla layer 1 were 
imaged. L1 is thought to be the sole major input to the ON pathway. (D) Calcium responses of L1 aligned to edge timing. Sample 
size is n=6(15). (E) Absolute step responses of L1 are plotted together with peak turning velocities calculated from (B). Highest 
mean responses from both categories are aligned. Traces and plots in B-E show mean ± SEM. 
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As described previously, L1 responded negatively to contrast increments, in line with the inverted 
response polarity of lamina neurons (Figure 2D) (Clark et al., 2011a; Laughlin and Hardie, 1978; Molina-
Obando et al., 2019).The absolute response amplitude of the L1 calcium signals scaled with luminance 
and did not co-vary with the response amplitude measured in behavior (Figure 2E). Thus, L1 responses 
are fundamentally different from behavioral responses under these stimulus conditions. This data 
shows that contrast constancy observed in behavior cannot solely be explained by contrast inputs from 
L1, suggesting that the ON-pathway gets luminance-sensitive input to mediate ON-behavior.  

The luminance-sensitive L3 is an ON-pathway input 

In the OFF pathway, the luminance-sensitive L3 neuron provides the necessary luminance gain to 
achieve contrast constancy (Ketkar et al., 2020). Connectomics data suggest that the luminance-
sensitive OFF-pathway input L3 could provide input to the ON pathway as well (Takemura et al., 2013). 
To test this hypothesis, we measured behavioral responses to a set of ON edges of 100% contrast at 
five different luminances while silencing L3 synaptic outputs using Shibirets (Kitamoto, 2001). Both 
control and L3-silenced flies turned with the direction of the moving edges at all luminances (Figure 
3A,B). Interestingly, unlike controls, L3-silenced flies responded stronger to all ON edges and did no 
longer show a trend of responding stronger with lower edge luminance, indicating a luminance-
dependent role of L3. To pinpoint this role, we quantified slopes of linear fits to the peak turning 
velocities of individual flies from each genotype (Figure 3C). The slopes from the control flies 
represented a negative correlation between luminance and response, whereas the L3-silenced 
velocities had little correlation with luminance, and their slopes were significantly more positive. Thus, 
L3 function did not account for the discrepancy between L1 contrast-sensitive responses and ON 
behavior than the controls, but L3 inputs to the ON pathway still contribute to behavior in a luminance-
dependent manner (Figure 3D). 

Intriguingly, L3 appears to provide an inhibitory signal to the ON pathway. We next examined if the 
inhibitory role generalizes across contrasts. For this purpose, we measured behavioral responses to 
moving ON edges of different contrasts, ranging from 11% to 100% Michelson (Figure S1 A,B). 
Behavioral responses of controls scaled with contrast in the low contrast range but were 
indistinguishable between 33% and 100% contrast. Responses of L3-silenced flies were again larger 
relative to the controls, especially for smaller contrasts (11 % and 25%), rendering responses to 25% 
contrast undistinguishable from higher contrast. Based on this, we tested the idea that L3 help to 
discriminate smaller contrasts and tested another set of stimulus set ranging 9% to 36% contrast 
(Figure S1C). Here, responses of L3 silenced flies were increased compared to controls for all ON edges 
(Figure S1C,D). Our data propose L3 as a second important input to the ON-pathway and reveal an 
inhibitory role of L3 that helps to discriminate different ON contrast steps in the low contrast range. 
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Figure 3: The luminance-sensitive L3 is an ON-pathway input.  (A) Turning velocities of the controls (gray) and L3-silenced 
flies (green) in response to the five moving ON edges of 100% contrast (same stimuli as in Figure 2A). The gray box region 
indicates motion duration. (B) Peak turning velocities for five ON edges quantified during the motion period, **p < 0.01, 
two-tailed Student’s t tests against both controls. (C) Relationship of the peak velocities with luminance, quantified as slopes 
of the linear fits to the data in (B). Fitting was done for individual flies. Sample sizes are n = 10 (UAS-shits/+,L3>>shits) and n 
= 8 (L30595-Gal4/+). Traces and plots show mean ± SEM. (D) Schematic summary. The ON pathway receives a prominent input 
from L3. See also Figure S1. 

L1 neuronal responses carry a luminance-sensitive component 

The luminance contribution of L3 did not account for the discrepancy between L1 contrast-sensitive 
responses and ON behavior, in that the L3-silenced flies still showed contrast-constant behavior. Thus, 
we hypothesized the presence of further luminance-sensitive inputs to the ON pathway. To explore 
other sources of luminance information in first-order interneurons, we tested calcium signals in L1, L2 
and L3. Flies were shown a staircase stimulus with luminance going sequentially up and down. L1 and 
L2 showed positive and negative transient responses when luminance stepped down and up, 
respectively (Figure 4A), consistent with its contrast sensitivity (Clark et al., 2011a; Silies et al., 2013a). 
L2 did not show any sustained component. L3 showed sustained responses to OFF step, and was 
nonlinearly tuned to stimulus luminance, mostly strongly responding to the darkest stimulus. 
Intriguingly, L1 showed a transient component followed by a sustained component, suggesting that it 
encodes luminance in addition to contrast (Figure 4A). The sustained components of L1 response were 
negatively correlated with luminance, such that the baseline calcium signal at each step sequentially 
increased with decreasing stimulus luminance.  

 



48 
 

To explicitly compare luminance information across the three input neurons, we measured responses 
to randomized luminance and calculated the mutual information between stimulus and the sustained 
response component (Figure 4B-D). L1, L2 and L3 responded as described for the staircase stimulus. L2 
transient responses fully returned to one baseline within the 10s of the stimulus presentation, whereas 
both L1 and L3 displayed sustained components that varied with luminance (Figure 4B,C). L1 and L3 
sustained response components carried similar mutual information with luminance, and both were 
higher than L2 (Figure 4D). Interestingly, the luminance-sensitive response components of L1 and L3 
scaled differently with luminance. We quantified non-linearity using the difference of Pearson’s linear 
and Spearman’s correlation between response and luminance. This value will approach to zero if the 
relationship is linear and increase if non-linear. L1 responses were more linear than L3 responses, 
whereas non-linear L3 responses selectively amplified low luminance (Figure 4E). Thus, the two 
luminance-sensitive neurons carry different types of luminance information. 

L1 and L3 together provide luminance signals required for ON behavior 

Since the canonical ON pathway input L1 is also found to carry luminance information, we hypothesized 
that it plays a role in mediating the luminance-invariant behavior observed even in the absence of L3. 
To test this, we silenced L1 and L3 simultaneously. Turning responses of flies lacking both L1 and L3 
functional outputs to the five 100% contrast edges were no longer luminance-invariant, but instead 
turned less than controls in a luminance-dependent manner (Figure 5A-B). Intriguingly, behavioral 
responses now scaled positively with the edge luminance qualitatively recapitulating the contrast-
sensitive responses. This was reflected in the significantly positive slopes of the L1-L3-silenced 
responses, compared to the controls. (Figure 5C). Thus, L1 and L3 can together account for the 
luminance information available to the ON pathway.  

We further tested the extent to which L1 luminance component alone contributes to behavior. 
Silencing L1 alone severely reduced turning responses when different ON contrasts were interleaved, 
consistent with previous behavioral studies that identified L1 as the major input to the ON pathway 
(Clark et al., 2011a; Silies et al., 2013a) (Figure S2A-D). However, the L1 silencing had little effect on the 
responses to 100% contrast presented at different luminances, suggesting that the L1 requirement is 
stimulus dependent (Figure 5D-F). Thus, silencing both L1 and L3 produces qualitatively different 
behaviors as silencing either one alone, suggesting complex interactions between the two input 
pathways. Importantly, responses of L1-silenced flies to the 100% contrast edges of different 
luminances overlapped, maintaining contrast constancy (Figure 5D-F). This argues that the L1 and L3 
luminance components act redundantly, and the L1 pathway interacts with the L3 luminance 
component to exert this effect. Together, the data further stress the relevance of the luminance-
sensitive L3 input in shaping behavioral responses in the ON pathway. 
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Figure 4: Lamina neuron types L1-L3 are differently sensitive to contrast and luminance.  (A) Schematic of the ‘staircase’ 
stimulus. Luminance first sequentially steps up through five values and then sequentially steps down. Shown below are the 
plateau calcium responses of L1 (orange), L2 (purple) and L3 (green), plotted against luminance. (B) Example calcium traces 
of single L1, L2 and L3 axon terminals to a stimulus comprising 10 s full-field flashes varying randomly between five different 
luminances. (C) Plateau responses of the three neuron types, quantified from the responses to the stimulus in (B). (D) Mutual 
information between luminance and calcium signal, ***p<0.001, two-tailed Student’s t tests. (E) Non-linearity quantification 
of luminance-dependent signals of L1 and L3 in (C), **p<0.01, two-tailed Student’s t-test. 
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Figure 5: L1 and L3 together provide luminance signals required for ON behavior. (A) Turning responses of flies where L1 
and L3 were silenced together (golden brown) and their specific Gal4 control (gray), color-coded according to the ON edge 
luminance. The same five moving ON edges of 100% contrast as in Figure 2A were shown. Responses of the other control 
UAS-shits/+ to these stimuli have been included in Figure 2B, Figure 3A. (B) Peak velocities quantified for each of the five 
edges during the motion period, also including the control UAS-shits/+, **p < 0.01, two-tailed Student’s t tests against both 
controls. (C) Relationship of the peak velocities with luminance, quantified as slopes of the linear fits to the data in (B). 
Slopes from the L3-silenced flies (green, dashed) responding to the same stimuli (Figure 3C) are included again for 
comparison. Fitting was done for individual flies. Sample sizes are n = 10 (UAS-shits/+ and L1,L3>>shits) and n = 7 (L1c2025-
Gal4/+;L30595-Gal4/+). (D) Turning responses of L1-silenced flies (orange) and their specific Gal4 control (gray) to the same 
moving ON edges. (E) Peak velocities quantified for each of the five edges during the motion period, also including the 
control UAS-shits/+, **p < 0.01, two-tailed Student’s t tests against both controls. (F) Relationship of the peak velocities with 
luminance, quantified as slopes of the linear fits to the data in (E). Sample sizes are n = 10 for each genotype. The gray box 
region in (A) and (D) indicates motion duration. Traces and plots show mean ± SEM. 

L1 and L3 are individually sufficient for ON behavior across luminances 

Neither of the two luminance-sensitive inputs to the ON pathway were alone required for contrast 
constant behavior. We thus further tested the idea that they can independently provide sufficient 
information about ON stimuli in dynamically changing luminance conditions. We measured contrast-
constant behavioral responses after functionally isolating either L1 or L3 from other circuitry 
downstream of photoreceptors. To achieve this, we selectively rescued expression of the histamine-
gated chloride channel Ort in ort-mutant flies, which otherwise lack communication between 
photoreceptors and its postsynaptic neurons. Behavioral responses of ort mutant control flies were 
absent, indicating that ON-motion behavior fully depends on Ort (Figure 6A).  Heterozygous ort controls 
turned with the moving 100% contrast ON edges at all luminances (Figure 6B). Flies in which ort 
expression was rescued in L1 or L3 (i.e. L1 ort rescue flies and L3 ort rescue flies) both responded to 
ON motion at all luminances (Figure 6C).  However, the extent of rescue was different for L1 and L3: 
Whereas L1 fully rescued turning behavior to ON edges at all luminances, L3 significantly rescued 
turning behavior selectively at low luminances (Figure 6C,D). We further confirmed this difference by 
computing rescue efficiency, defined as the fraction of the difference between positive and negative 
control behaviors enabled by the neuronal Ort rescue. Whereas the rescue of ort expression in L3 fully 
enabled responses to dimmer ON edges, rescue efficiency was much lower in brighter conditions, 
unlike L1’s rescue efficiency (Figure 6E). This data confirms L1’s general importance in the ON pathway, 
and further shows that L3 is sufficient at low luminances, reflecting L3’s nonlinear preference for dim 
light seen at the physiological level. Thus, the differential feature extraction by L1 and L3 is mirrored at 
the level of ON behavior.  
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Figure 6: L1 and L3 are individually sufficient for ON behavior across luminances.  (A) Schematic of the Ort mutant 
genotype (ort-/- control) and the moving ON edges. Stimulus parameters are as in Figure 2A. Shown below are the turning 
responses of the Ort mutant flies. (B) Turning responses of the heterozygous Ort controls (ort+/- controls).  (C) Schematics 
of the genotypes followed by the turning responses of L1 ort rescue and L3 ort rescue flies. (D) Peak turning velocities of 
L1 ort rescue and L3 ort rescue flies and the respective controls; *p<0.05, **p < 0.01, two-tailed Student’s t tests against 
both controls. (E) Efficiency of the L1 and L3 behavioral rescue, calculated for each edge luminance as (rescue - ort-/- control) 
/ (ort+/- control - ort-/- control). *p<0.05, **p < 0.01, permutation test with 1000 permutations over the L1 ort rescue and 
L3 ort rescue flies. Data show mean ± SEM. Sample sizes are n = 11 flies (ort-/- control) and n =10 for every other genotype. 
The gray box region in A-C indicates motion duration. 

 

An L1 luminance signal is required for OFF behavior  

Given that three lamina neuron inputs encode visual stimuli differently, we next asked if L1 and its 
specific luminance sensitivity could also contribute to OFF pathway function. To test this, we silenced 
L1 neurons while showing moving OFF edges, all of -100% contrast, and moving across five different 
background luminances. Controls flies turned similar at all conditions, showing contrast-constant 
responses (Figure 7A). Previous work had shown that L3 is required to achieve contrast constancy by 
scaling behavioral responses when background luminance turned dark. Similarly, when L1 was silenced, 
behavioral responses were no longer invariant across luminance, but flies turned less to -100% contrast 
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at low luminance as compared to high luminance (Figure 7A,B). Our data demonstrate that L1 is 
required for contrast-constant behavior.  

The slopes of L1-silenced fly responses were significantly steeper than controls, corroborating this 
finding (Figure 7B). However, underestimation of the dim OFF stimuli by L1-silenced flies was not as 
strong as was found with L3-silenced flies (Ketkar-Sporar et al, 2020), again highlighting the specialized 
role of L3 in dim light. Nevertheless, our data uncover L1 as an important input to the OFF pathway 
and argue that L1 also relays a luminance signal to the OFF pathway (Figure 7C).  

L1 is sufficient for OFF behavior at low luminances 

Although connectomics data do not suggest a direct input of L1 to OFF-selective neurons, our silencing 
experiments revealed L1 as an OFF-pathway input. To further test the idea that L1 can convey 
luminance information to both the ON and OFF pathway, we next asked if L1 could also be sufficient 
for OFF-behavior and measured behavioral responses to OFF edges in L1 ort rescue flies. Control flies 
showed contrast-constant behavioral responses to -100% OFF edges at five different luminances 
(Figure 7D). As described before (Ketkar et al., 2020), ort null mutants were not completely blind to 
this OFF-edge motion stimulus and responded especially at high luminance, but very little at low 
luminances. L1 ort rescue flies responded similar to positive controls, thus rescuing OFF edges at low 
luminances (Figure 7E). Therefore, L1 is even sufficient to guide OFF behavior under the same 
conditions as previously described for L3 (Ketkar et al., 2020). Taken together, our work reveals that 
the lamina neurons L1 and L3 provide behaviorally relevant, but differentially encoded luminance 
information to both ON and OFF pathways.  
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Figure 7: The L1 luminance signal is required and sufficient for OFF behavior.  (A)  Turning velocity time traces of L1-silenced 
flies (orange) and the controls (gray) to five OFF edges moving onto different backgrounds. (B) Peak velocities quantified for 
each of the five edges during the motion period, also including the peak velocities of L3-silenced flies (green dashed, re-
quantified from the data in Ketkar et al. 2020. Shown next to it is relationship of the peak velocities with luminance, 
quantified as slopes of the linear fits to the data. **p < 0.01, two-tailed Student’s t tests against both controls (not significant 
against the L3>>shits slopes). Sample sizes are n = 7 (L1-Gal4/+) and n = 10 for other genotypes. (C) Summary schematic. 
Whereas the ON pathway has two confirmed inputs L1 and L3, the OFF pathway receives input from all three lamina neuron 
types L1-L3. The ON pathway has some unidentified contrast input. C= contrast, L= luminance. (D) Schematics of the L1 ort 
rescue genotypes followed by its turning responses to the moving OFF edges. (D) Peak turning velocities of L1 ort rescue flies 
and the respective controls; *p<0.05, two-tailed Student’s t tests against both controls. Sample sizes are n = 11 flies (ort-/- 
control) and n =10 for other genotypes. The gray box region in (A) and (D) indicates motion duration. Traces and plots show 
mean ± SEM. 
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Discussion 

The present study establishes that contrast and luminance are basic visual features that interact with 
both ON and OFF pathways to guide visual behaviors. Lamina neurons act as the circuit elements 
segregating both contrast and luminance information. Behavioral experiments show that luminance 
information is required for contrast constancy in both ON and OFF behaviors, and the first order 
interneurons L1 and L3 convey this information. L1 and L3 encode luminance in two distinct ways. 
Whereas L3 activity non-linearly increases with decreasing luminance, L1 shows a linear relationship 
with luminance. Finally, L1 and L3 can both be sufficient for ON and OFF behaviors, further supporting 
the universal roles of these neurons across pathways. Together, we propose that specific ON and OFF 
pathways can only be defined downstream of lamina neurons, consistent with their emerging contrast 
selectivity. L1 – L3 neurons instead segregate the two most basic visual features contrast and 
luminance across pathways to enable behaviorally relevant computations. 

L1 and L3 convey luminance information to multiple pathways 

Our data expands the view of L1 being exclusively an ON-pathway neuron and of L3 being exclusively 
an OFF-pathway neuron to both neurons being relevant for both ON and OFF visual pathways. For L3, 
this functionally confirms anatomical prediction that suggested a role of L3 in the ON pathway based 
on synaptic contacts with ON-selective neurons (Takemura et al., 2013). L3 had mostly been considered 
an OFF pathway because it provides the strongest input to the OFF pathway neuron Tm9 (Fisher et al., 
2015; Shinomiya et al., 2014; Takemura et al., 2013). Remarkably, L3 itself actually makes most synaptic 
connections with the ON-pathway neuron Mi9, and also synapses onto the ON-selective Mi1 neuron 
with similar strength as with Tm9 (Takemura et al., 2013).  

Our findings further imply that the number of synapses may not be the best predictor of a neuron’s 
contribution to specific computation. Although Mi1 receives more than 50% of its inputs from L1 and 
only 6% from L3 (Takemura et al., 2013), both of these input neurons play decisive roles in driving ON 
behavior. Thus, computation of relevant features does not solely depend on the input neuron with the 
highest number of synapses, but even a relatively low number of inputs can play physiologically 
relevant roles. Finally, L3 can potentially also convey information to the chromatic pathway, as Tm20 
is its second strongest postsynaptic connection (Lin et al., 2016). There, L3 luminance sensitivity might 
play a relevant role in achieving color constancy, i.e., color recognition irrespective of illumination 
conditions. Altogether, anatomical and functional data urge to redefine L3 as part of a luminance-
encoding system rather than a mere OFF-pathway input.  

A role of L1 beyond the ON pathway was less obvious based on anatomical data. Connectomics did not 
identify any known OFF pathway neurons postsynaptic to L1 and presynaptic to the OFF-motion 
selective neuron T5 (Takemura et al., 2013). L1 thus has to connect to the OFF pathway via 
interneurons. Among the strongest postsynaptic partners of L1 are the GABAergic interneurons C2 and 
C3 that connect to the OFF pathway (Takemura et al., 2013). Intercolumnar neurons downstream of 
L1, such as Dm neurons (Nern et al., 2015a) could further carry information to OFF-selective neurons, 
likely through disinhibition from ON-selective inputs. In the vertebrate retina, intercolumnar amacrine 
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cells mediate interaction between ON- and OFF bipolar cells, which has been shown to extend the 
operating range of the OFF pathway (Manookin et al., 2008). Altogether, strategies appear to be shared 
across animals in what type of interneurons help to convey relevant features from one pathway to the 
other.  

Novel input architecture of the ON pathway  

Luminance signals from both L1 and L3 are required in both ON and OFF pathways, but the impact of 
the two neurons on behavior is pathway dependent. In the OFF pathway, losing either L1 or L3 function 
leads to a strong deviation from luminance invariances, such that the dim light stimuli are 
underestimated. On the contrary, the ON motion-driven behavior only failed to be luminance invariant 
if both L1 and L3 neuron types were not functional. However, even silencing L1 and L3 together did not 
completely abolish behavioral responses to bright ON edges. The residual responses match the 
expectation from contrast signals driving behavior alone, as they both scale with luminance. This raises 
the possibility that an additional, contrast-sensitive only input contributes to the ON pathway. In the 
absence of direct connections to the ON pathway, this could still be L2, which could indirectly mediate 
the information flow via L5 (Takemura et al., 2013). Alternatively, the amacrine cell (amc)- T1 pathway 
could carry some contrast information directly from the photoreceptors. This pathway has been shown 
to enhance the role of L1 pathway in a contrast-dependent way (Rister et al., 2007). A last option could 
be a direct input to medulla ON-pathway neurons from R8 photoreceptors, bypassing any lamina-
mediated computation (Takemura et al., 2013). 

L1 was still strictly required for ON responses if different contrasts were mixed with 100% contrast 
edges, but not when only 100% contrast edges of different luminances were interleaved. This is further 
in line with a more complex ON pathway input architecture, and hints at a role of the L1 pathway in 
contrast adaptation. Interestingly, an important post-synaptic partner of L1 – Mi1 – shows an almost 
instantaneous and strong contrast adaptation (Matulis et al., 2020b). Together, this work extends the 
input architecture of the ON pathway beyond L1, including L3 and potentially other neurons. 

Neurons postsynaptic to photoreceptors encode contrast and luminance differently  

Despite being postsynaptic to the same photoreceptor input, all lamina neurons respond differently to 
light stimuli. L1 was considered the ON pathway sibling of the contrast-sensitive L2, both with regard 
to its temporal filtering properties as well as at the transcriptome level (Clark et al., 2011a; Tan et al., 
2015a). However, L1 calcium signals show a transient and a sustained response component, which are 
contrast- and luminance-sensitive, respectively. Compared to photoreceptors, which also carry both 
contrast and luminance components, L1 still amplifies the contrast signals received from the 
photoreceptors, since its transient component is more pronounced than the one seen in the 
photoreceptor calcium traces (Gür et al., 2020).  

In other insect species, different types of lamina neurons have also been distinguished based on their 
physiological properties (Rusanen et al., 2017, 2018), although their specific luminance and contrast 
sensitivities are yet unknown. Notably, the first-order interneurons in the vertebrate retina also are 
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diverse array of physiological properties (Euler et al., 2014b). Many bipolar cell types resemble L1, in 
that they have both luminance and contrast signals in distinct response components (e.g., Oesch & 
Diamond, 2011). However, the extent of transiency varies from cell type-to-cell type, and some 
predominantly sustained bipolar cell types are also found, closely resembling the luminance-sensitive 
L3 (e.g., Awatramani & Slaughter, 2000; Ichinose & Hellmer, 2016). 

The two luminance-sensitive neurons L1 and L3 also differ in their luminance encoding properties. L1’s 
initial transient contrast response might reduce the operating range of the subsequent luminance-
sensitive baseline. L3 calcium responses show little adaptation and can utilize most of its operating 
range for luminance encoding. L3 seems to invest this wider operating range into amplifying the 
darkest luminance values selectively and non-linearly. Thus, a predominantly luminance-sensitive 
channel among LMCs may have evolved to selectively process very dark stimuli. Together with the pure 
contrast sensitivity of L2, the second-order interneurons in both vertebrates and flies exhibit a wide 
range of sensitivities with respect to contrast and luminance, and our data confirm the functional 
relevance of the differential sensitivities. 

First-order visual interneurons segregate different, behaviorally relevant features 

The different combinations of transient and sustained characteristics of L1-L3 – responsible for their 
different contrast and luminance sensitivity – mainly stem from different temporal filter properties of 
the neuron types. In vertebrate retina, the bipolar cells show a spectrum of temporal filter properties 
rather than a strict transient-sustained dichotomy, thus capturing a diversity of temporal information 
in parallel channels (e.g., Baden et al., 2013; Ichinose et al., 2014). Such diversification of feature 
extraction at the periphery has been shown to be computationally advantageous, especially when 
processing complex natural scenes (e.g., (Odermatt et al., 2012; Schreyer and Gollisch, 2021). For 
example, during daylight, visual scenes can differ in intensity by 4–5 log units (Pouli et al., 2010; Rieke 
and Rudd, 2009a), while electrical signals in cone photoreceptors reach a dynamic range of only ~102 

(Naka and Rushton, 1966; Normann and Perlman, 1979; Schnapf et al., 1990). This discrepancy can be 
solved by increasing the dynamic range of luminance signaling using linear and non-linear synapses 
(Odermatt et al., 2012), suggesting that different type of signals might be better suited for different 
environmental conditions varying in luminance statistics. In line with this, our data suggests that the 
non-linear luminance signal in L3 is particularly suited to detect stimuli in low luminance range. Thus, 
diversifying feature encoding through distinct temporal properties of the first-order interneurons is a 
strategy to reliably handle wide luminance ranges, across species. 

ON and OFF pathways arise downstream of lamina neurons 

Behavior is nearly contrast constant and requires luminance information in both ON and OFF pathways. 
Our data supports a model in which diversifying distinct information across several neurons serves as 
a strategy to reliably respond to contrast when luminance conditions vary. Whereas L2 appears to be 
truly contrast-sensitive, L3 shows a nonlinear relationship with luminance, and is both active and 
required in contextual dim light (Ketkar et al., 2020). L1 carries both luminance and contrast 
information, and its luminance signal is more linear compared to the one from L3. These distinct L1-L3 
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neuronal properties are then differentially utilized across pathways. How does this fit with the 
established notion, that they provide inputs to the ON (L1) and OFF (L2, L3) pathways? Lamina neuron 
types L1 to L3 all hyperpolarize to light onset and depolarize to light offset and are not contrast 
selective themselves. Contrast selectivity emerges downstream of these neurons: known post-synaptic 
partners of L1 acquire ON contrast selectivity due to inhibitory glutamatergic synapses, whereas 
cholinergic L2 and L3 synapses retain OFF contrast selectivity (Molina-Obando et al., 2019). Based on 
connectivity and on initial functional analyses, L1 had thus been classified as the ON pathway input, 
whereas L2 and L3 were thought to constitute OFF pathway inputs (Clark et al., 2011; Joesch et al., 
2010; Silies et al., 2013; Takemura et al., 2013). Instead, it now appears that both ON and OFF circuitry 
truly exists in medulla neurons and downstream direction-selective cells, and that this circuitry benefits 
from distributed interactions with different inputs. The luminance and contrast features encoded 
differently in the lamina neurons are shared by both pathways. Importantly, the distinct features that 
are passed on by the specific inputs downstream of photoreceptors guide distinct behavioral roles.  

In sum, our study provides a detailed account of how the parallel processing of the most basic features 
luminance and contrast is organized in a circuitry that handles the ON and OFF-contrast selectivity 
separately. The work further highlights the functional relevance of feature diversification in the visual 
periphery – a strategy found across species.  
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Methods 

Experimental model 

All flies were raised at 25 ºC and 65 % humidity on standard molasses-based fly food while being 
subjected to a 12:12h light-dark cycle. Two-photon experiments were conducted at room temperature 
(20 ºC) and behavioral experiments at 34 ºC. Female flies 2-4 days after eclosion were used for all 
experimental purposes. Lamina neuron driver lines used for genetic silencing and Ort rescue 
experiments were L30595-Gal4 described in (Silies et al., 2013a), and L1C202a-Gal4 described in (Rister et 
al., 2007), and UAS-shi[ts], ort1

,ninaE1 and Df(3R)BSC809 were from BDSC (reference numbers 44222, 
1946 and 27380 respectively). Since the ort1 mutant chromosomes also carries a mutation in ninaE1 
(Drosophila rhodopsin1), we used ort1 mutation in trans to a deficiency that uncovers the ort but not 
the ninaE locus.  UAS-ort was first described in (Hong et al 2006). For imaging experiments, GCaMP6f 
(42747) was expressed using L1c202a-Gal4, L221Dhh-Gal4 (Rister et al., 2007), and L3MH56-Gal4 (Timofeev 
et al., 2012). Detailed genotypes are given in Table 1. 

Table 1: Genotypes used in this study. 
Name Genotype Figure 

Imaging 
 

 

L1>>GCaMP6f w+; L1c202a-Gal4 / +; UAS-GCaMP6f / + 
 

Fig 2, 4 

L2>>GCaMP6f w+; UAS-GCaMP6f / +; L221Dhh-Gal4 / + 
  

Fig 4 
 

L3>>GCaMP6f w+; L3MH56-Gal4 / +; UAS-GCaMP6f / + 
 

Fig 4 

Behavior  

UAS-shibirets control w+; + / +; UAS-shits / + 
 

Fig 2, 3, 5, 6, S1, 
S2 

L3-Gal4 control w+; +/ +; L30595-Gal4 /+   
 

Fig 3, S1 

L3 silencing  w+; +/ +; L30595-Gal4 /UAS- shits  
 

Fig 3, 7, S1 

L1-Gal4 control w+; L1c202a-Gal4 / +; + /+   
 

Fig 5, 7, S2 

L1 silencing  w+; L1c202a-Gal4 / +; + /UAS- shits  
 

Fig 5, 7, S2 

L1-Gal4, L3-Gal4 
control 

w+; L1c202a-Gal4 / +; L30595-Gal4 /+   
 

Fig 5 

L1, L3 silencing w+; L1c202a-Gal4 / +; L30595-Gal4 /UAS- shits  
 

Fig 5 

ort mutants  w+; UAS-ort / +; ort1,ninaE1 / Df(3R)BSC809 
 

Fig 6, 7 
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L3 ort +/- control w+; + / +; L30595-Gal4, ort1, ninaE1  / + 
 

Fig 6 

L3 ort rescue w+; UAS-ort / +; L30595-Gal4, ort1,ninaE1 / Df(3R)BSC809 
 

Fig 6 

L1 ort +/- control w+; L1c202a-Gal4 / +, ort1, ninaE1  / + 
 

Fig 6, 7 

L1 ort rescue w+; UAS-ort / +; L1[c202a]; ort1,ninaE1 / Df(3R)BSC809 
 

Fig 6, 7 

Behavioral experiments 

Behavioral experiments were performed as described in [Ketkar et al. 2020]. In brief, all experiments 
were conducted at 34 ºC, a restrictive temperature for shibirets (Kitamoto, 2001). Female flies were 
cold anesthetized and glued to the tip of a needle at their thorax using UV-hardened Norland optical 
adhesive. A 3D micromanipulator positioned the fly above an air-cushioned polyurethane ball (Kugel-
Winnie, Bamberg, Germany), 6 mm in diameter, and located at the center of a cylindrical LED arena 
that spanned 192º in azimuth and 80º in elevation (Reiser and Dickinson, 2008). The LED panels arena 
(IO Rodeo, CA, USA) consisted of 570 nm LEDs and was enclosed in a dark chamber. The pixel resolution 
was ~2º at the fly’s elevation. Rotation of the ball was sampled at 120 Hz with two wireless optical 
sensors (Logitech Anywhere MX 1, Lausanne, Switzerland), positioned toward the center of the ball 
and at 90º to each other (setup described in (Seelig et al., 2010). Custom written C#-code was used to 
acquire ball movement data. MATLAB (Mathworks, MA, USA) was used to coordinate stimulus 
presentation and data acquisition. Data for each stimulus sequence were acquired for 15-20 minutes, 
depending on the number of distinct epochs in the sequence (see ‘visual stimulation’ for details). 

Visual stimulation for behavior 

The stimulation panels consist of green LEDs that can show 16 different, linearly spaced intensity levels. 
To measure the presented luminance, candela/m2 values were first measured from the position of the 
fly using a LS-100 luminance meter (Konika Minolta, NJ, USA). Then, these values were transformed to 
photons incidence per photoreceptor per second, following the procedure described by (Dubs et al., 
1981). The highest native LED luminance was approximately 11.77 * 105 photons * s-1 * photoreceptor-

1 (corresponding to a measured luminance of 51.34 cd/m2), and the luminance meter read 0 candela/ 
m2 when all LEDs were off. For all experiments, a 0.9 neutral density filter foil (Lee filters) was always 
placed in front of the panels, such that the highest LED level corresponded to 14.71 *104 photons*s-

1*receptor-1. 

Fly behavior was measured in an open-loop paradigm where either ON or OFF edges were presented. 
For every set of ON or OFF edges, each epoch was presented for around 60 to 80 trials. Each trial 
consisted of an initial static pattern (i.e., the first frame of the upcoming pattern) shown for 500 ms 
followed by 750 ms of edge motion. Inter-trial intervals were 1s long. All edges from a set were 
randomly interleaved and presented in a mirror-symmetric fashion (moving to the right, or to the left) 
to account for potential biases in individual flies or introduced when positioning on the ball. 
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The ON edge stimuli comprised four edges, each covering 48º arena space. All ON edges moved with 
the angular speed of 160º/s. Thus, within a 750 ms stimulus epoch, the edge motion repeated thrice: 
After each repetition, the now bright arena was reset to the pre-motion lower LED level, and the next 
repetition followed immediately, picking up from the positions where the edges terminated in the first 
repetition. This way, each edge virtually moved continuously. The following sets of ON edges were 
presented: 

1. 100% contrast edges: Here, the edges were made of 5 different luminance values (i.e. five unique 
epochs), moving on a complete dark background. Thus, the pre-motion LED level was zero, and the 
edges assumed the intensities 7%, 14%, 27%, 53% or 100% of the highest LED intensity 
(corresponding to the luminances: 0.98, 1.96, 3.92, 7.84 or 14.71 *104 photons*s-1*receptor-1 
luminance). Thus, every epoch comprised a 100% Michelson contrast. The inter-trial interval 
consisted of a dark screen. 

2. Mixed-contrast edges – full range:  The set comprised of seven distinct epochs, each with a 
different Michelson contrast value (11%, 25%, 33%, 43%, 67%, 82% and 100%). Here, the edge 
luminance was maintained constant at 67% of the highest LED intensity, across epochs, and the 
background luminance varied. The inter-trial interval showed a uniformly lit screen with luminance 
equivalent to the edge luminance. 

3. Mixed-contrast edges – low contrast range: The set comprised of four distinct epochs, with 
contrasts from the range 9%, 18%, 27% and 36%. Here, edge luminances and background 
luminances both varied: The edge luminances assumed the intensities 80%, 87%, 93% and 100% of 
the highest LED intensity, whereas the background intensities were 67%, 60%, 53% and 47% of the 
highest LED intensity, respectively. The inter-trial interval consisted of a dark screen. 

For the experiments concerning OFF edges, a set of five OFF edges comprising 100% Weber contrast 
was used as described in (Ketkar and Sporar et al 2020). Epoch consisted of a single OFF edge presented 
at one of the five different uniformly lit backgrounds. The edge luminance was always ~zero, whereas 
the five different background luminances were 7%, 14%, 27%, 54% and 100% of the highest LED 
intensity (corresponding to five different background luminances: 0.98, 1.96, 3.92, 7.84 or 14.71 *104 

photons*s-1*receptor-1). The inter-trial interval consisted of a dark screen. 

Behavioral data analysis 

Fly turning behavior was defined as yaw velocities that were derived as described in (Seelig et al., 2010), 
leading to a positive turn when flies turned in the direction of the stimulation and to a negative turn in 
the opposite case. Turning elicited by the same epoch moving either to the right or to the left were 
aggregated to compute the mean response of the fly to that epoch. Turning responses are presented 
as angular velocities (rad/s) averaged across flies ± SEM. Peak velocities were calculated over the 
stimulus motion period (750ms), shifted by 100 ms to account for a response delay, and relative to a 
baseline defined as the last 200 ms of the preceding inter-stimulus intervals.  For the moving edges of 
100% contrast and varying luminance, relation between peak velocities and luminance was assessed 
by fitting a straight line (V = a*log(luminance) + b) to the peak velocities of individual flies and 
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quantifying the mean slope (a) ± SEM across flies. For the ort rescue experiments, rescue efficiency was 
calculated at each stimulus luminance as 

𝐸 =
𝑟𝑒𝑠𝑐𝑢𝑒 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

where Erescue is the fractional rescue efficiency, rescue is the mean peak velocity of the rescue genotype 
such as L1 rescue, control- is the mean peak velocity of the ort null mutant negative control  and control+ 
stands for the mean peak velocity of the positive heterozygous ort1 control (e.g., L1-Gal4; ort1/+). 
Statistical significance of Erescue differences was tested using permutation test. Specifically, flies of the 
genotypes L1 rescue and L3 rescue were shuffled 1000 times and the difference between their rescue 
efficiencies was obtained each time. The difference values so obtained gave a probability distribution 
that approximated a normal distribution. The efficiency difference was considered significant when it 
corresponded to less than 5% probability on both tails of the distribution. 

Mean turning of flies as well as the slopes from control and experimental genotypes were first tested 
for normal distribution using a Kolmogorov-Smirnov test. Two-tailed Student’s t tests subsequently 
examined statistical differences between genotypes. Data points were considered significantly 
different only when the experimental group significantly differed from both genetic controls. Flies with 
a baseline forward walking speed less than 2 mm/s were discarded from the analysis. This resulted in 
rejection of approximately 25% of all flies. 

Two-photon imaging 

Female flies were anesthetized on ice before placing them onto a sheet of stainless-steel foil bearing a 
hole that fit the thorax and head of the flies. Flies they were head fixated using UV-sensitive glue 
(Bondic). The head of the fly was tilted downward, looking toward the stimulation screen and their 
back of the head was exposed to the microscope objective. To optically access the optic lobe, a small 
window was cut in the cuticle on the back of the head using sharp forceps. During imaging, the brain 
was perfused with a carboxygenated saline-sugar imaging solution composed of 103 mM NaCl, 3 mM 
KCl, 5 mM TES, 1 mM NaH2PO4, 4 mM MgCl2, 1.5 mM CaCl2,10 mM trehalose, 10 mM glucose, 7 mM 
sucrose, and 26 mM NaHCO3. Dissections were done in the same solution, but lacking calcium and 
sugars. The pH of the saline equilibrated near 7.3 when bubbled with 95% O2 / 5% CO2. The two-
photon experiments for Figure 3 were performed using a Bruker Investigator microscope (Bruker, 
Madison,WI, USA), equipped with a 25x/NA1.1 objective (Nikon, Minato, Japan). An excitation laser 
(Spectraphysics Insight DS+) tuned to 920 nm was used to excite GCaMP6f, applying 5-15 mW of power 
at the sample. For experiments in Figure 1, a Bruker Ultima microscope, equipped with a 20x/NA1.0 
objective (Leica, Jerusalem, Israel) was used. Here the excitation laser (YLMO-930 Menlo Systems, 
Martinsried, Germany) had a fixed 930 nm wavelength, and a power of 5-15 mW was applied at the 
sample. 
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In both setups, emitted light was sent through a SP680 short pass filter, a 560 lpxr dichroic filter and a 
525/70 emission filter. Data was acquired using PrairieView software at a frame rate of ~10 to 15Hz 
and around 6–8x optical zoom. 

Visual stimulation for imaging 

For the staircase stimuli and light flashes of different luminances, the visual stimuli were generated by 
custom-written software using C++ and OpenGL and projected onto an 8cm x 8cm rear projection 
screen placed anterior to the fly and covering 60º of the fly’s visual system in azimuth and 60º in 
elevation. These experiments were performed with the Bruker Investigator microscope. 

For ON-moving edges, the stimulus was generated by custom-written software using the Python 
package PsychoPy (Peirce, 2008), and then projected onto a 9cm x 9cm rear projection screen placed 
anterior to the fly at a 45 angle and covering 80 degrees of the fly’s visual system in azimuth and 80 
degrees in elevation. These experiments were performed with the Bruker Ultima microscope. 

Both stimuli were projected using a LightCrafter (Texas Instruments, Dallas, TX, USA), updating stimuli 
at a frame rate of 100 Hz. Before reaching the fly eye, stimuli were filtered by a 482/18 band pass filter 
and a ND1.0 neutral density filter (Thorlabs). The luminance values are measured using the same 
procedure described above for the behavioral experiments. The maximum luminance value measured 
at the fly position was 2.17*105 photons s-1 photoreceptor-1 for the staircase and random luminance 
stimulation, and 2.4*105 photons s-1 photoreceptor-1 for the ON-moving edge stimulation. The imaging 
and the visual stimulus presentation were synchronized as described previously (Freifeld et al., 2013b). 

Staircase stimulation 

The stimulus consisted of 10s full-field flashes of 5 different luminances (0, 0.25, 0.5, 0.75 and 1∗ of the 
maximal luminance Imax).  The different luminance epochs were presented first in an increasing order 
(from darkness to full brightness) then in a decreasing order (full brightness to darkness). This sequence 
was repeated ~3-5 times. 

Flashes of different luminances 

The stimulus consisted of 10s full-field flashes of 5 different luminances (0, 0.25, 0.5, 0.75 and 1∗ of the 
maximal luminance Imax). The order between the flashes was randomized and presented for ~300s. 

ON moving edges at different luminances 

Here, the edges were made of 6 different luminance values (corresponding to 0.16, 0.31, 0.62, 1.2, 1.8, 
2.4 *105 photons*s-1*receptor-1 luminance), moving on a complete dark background. The inter-
stimulus interval was 4 seconds of complete darkness. 

Two photon data analysis 

Staircase stimulation and randomized flashes of different luminances 

Data processing was performed offline using MATLAB R2019a (The MathWorks Inc., Natick, MA). To 
correct for motion artifacts, individual images were aligned to a reference image composed of a 
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maximum intensity projection of the first 30 frames. The average intensity for manually selected 
regions of interests (ROIs) was computed for each imaging frame and background subtracted to 
generate a time trace of the response. All responses and visual stimuli were interpolated at 10 Hz and 
trial averaged. Neural responses are shown as relative fluorescence intensity changes over time 
(ΔF/F0). To calculate ΔF/F0, the mean of the whole trace was used as F0. In some recordings, a minority 
of ROIs responded in opposite polarity (positively correlated with stimulus), as described previously 
(Fisher et al., 2015c). These ROIs have their receptive fields outside the stimulation screen (Fisher et 
al., 2015c; Freifeld et al., 2013b). To discard these and other noisy ROIs, we only used ROIs that were 
negatively correlated (Spearman’s rank correlation coefficient) with the stimulus. Baseline responses 
were calculated as the mean of the last 2 seconds within each luminance presentation. In the 
randomized flashes of different luminances, full brightness epoch baseline values were subtracted for 
each baseline response to get a comparable relationship between each neuron for visualization (this 
leads to 0 baseline response for each neuron in full brightness condition). Mutual information between 
luminance and response is calculated according to (Ross, 2014). To characterize the distinct luminance-
response relationships of L1 and L3, the difference of Pearson correlation and Spearman’s rank 
correlation was used as a Non-linearity index. This value will increase if there is a non-linear relationship 
between luminance and response.  

ON moving edges at different luminances 

Data processing was performed offline using Python 2.7(Van Rossum 1995). Motion correction was 
performed using the SIMA Python package’s Hidden Markov Model based motion correction algorithm 
(Kaifosh 2014). The average intensity for manually selected regions of interests (ROIs) was computed 
for each imaging frame and background subtracted to generate a time trace of the response. To 
calculate ΔF/F0, the mean of the whole trace was used as F0. The traces were then trial averaged. 
Responses of ROIs for each epoch was calculated as the absolute difference between the mean of the 
full darkness background epoch and the minimum of the ON edge presentation (minimum values are 
chosen because L1 neurons respond to ON stimuli with hyperpolarization). 

Throughout the analysis procedure, mean of quantified variables were calculated first for all ROIs 
within a fly, and then between flies. All statistical analysis was performed between flies. For normally 
distributed data sets, a two-tailed Student t test for unpaired (independent) samples was used. For 
other data sets, Wilcoxon rank-sum was used for statistical analysis. Normality was tested using 
Lilliefors test. For multiple comparisons, one way ANOVA was used followed by multiple comparisons 
using the Bonferroni method for determining statistical significance between pairs of groups.  
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Supplemental figures 
 

 

Figure S1: L3 contributes to ON behavior across a range of contrasts. (A) Turning velocity time traces of the controls (gray) 
and L3-silenced flies (green) in response to the moving ON edges of different contrasts, ranging from 11% to 100%. (B) 
Peak turning velocities quantified during the motion period, *p < 0.05, ***p < 0.01, ***p < 0.001, two-tailed Student’s t 
tests against both controls. The horizontal lines mark the difference between 25% and 67% contrast responses within each 
of the three genotypes, tested for significance using multiple (pairwise) comparison test. Sample sizes are n = 9 (UAS-
shits/+, L3>>shits) and n = 6 (L30595-Gal4/+). (C) Turning velocity time traces of the controls and L3-silenced flies in response 
to the moving ON edges of different contrasts, ranging from 9% to 36%. (D) Peak turning velocities quantified during the 
motion period, *p < 0.05, two-tailed Student’s t tests against both controls. Sample sizes are n = 8 (UAS-shits/+), n = 9 
(L3>>shits) and n = 5 (L30595-Gal4/+). Traces and plots show mean ± SEM. The gray box region in (A) and (C) indicates motion 
duration. 
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Figure S2 : L1 is required for ON behavior across a range of contrasts.  (A) Turning velocity time traces of the controls 
(gray) and L1-silenced flies (orange) in response to the moving ON edges of different contrasts, ranging from 11% to 100%. 
(B) Peak turning velocities quantified during the motion period, *p < 0.05, ***p < 0.01, ***p < 0.001, two-tailed Student’s 
t tests against both controls. Sample sizes are n = 9 (UAS-shits/+, L1c202a >>shits) and n = 5 (L1c202a-Gal4/+). (C) Turning 
velocity time traces of the controls and L3-silenced flies in response to the moving ON edges of different contrasts, ranging 
from 9% to 36%. (B) Peak turning velocities quantified during the motion period, *p < 0.05, two-tailed Student’s t tests 
against both controls. Sample sizes are n = 8 (UAS-shits/+), n = 8 (L1c202a >>shits) and n = 5 (L1c202a -Gal4/+). Traces and plots 
show mean ± SEM. The gray box region in (A) and (C) indicates motion duration. 
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Abstract 

For perception unaffected by viewing conditions, visual systems must adapt their sensitivity to 
changing visual statistics, such as mean luminance. Sensitivity adjustment, or gain control, begins as 
early as in photoreceptors, but also occurs at many further stages of visual processing. Whereas 
photoreceptor gain control is insufficient to explain perceptual contrast constancy especially at fast 
timescales, how the downstream gain controls contribute towards constancy is not known. Here, we 
combine behavioral measurements and computational modelling approaches to reveal a circuit 
mechanism that revises gain adjustment past photoreceptors in the fly eye. When blocking the outputs 
of the first-order, luminance-sensitive interneurons L3, the major input to this corrective mechanism, 
the flies underestimate contrast in contextual dim light and overestimate contrast in contextual bright 
light. Thus, L3 is key input to a two-way gain control. Moreover, L3 enhances sensitivity to extremely 
dim stimuli, highlighting an additional role of the luminance-sensitive pathway reminiscent to the 
vertebrate rod-bipolar cell pathway. An algorithmic model suggests how the single luminance-sensitive 
signal shapes diverse gain control operations: on the one hand, it interacts nonlinearly with contrast 
information and on the other hand, it acts as a dark-sensitive contrast channel to improve detection of 
very dim stimuli. Together, our work demonstrates how luminance signals segregated in the periphery 
provide substrate for elaborate gain control operations at an advanced stage, aimed at robust 
perception. 
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Introduction 

Animals have to recognize sensory cues in vastly changing environments. For vision, this means to 
recognize objects under different viewing conditions, especially changing illumination. For example, a 
soccer ball reflects different amounts of light from the black and white patches, comprising a contrast 
cue. The difference in reflected light is high in bright sunlight but reduces as the day approaches sunset 
or when the ball suddenly flies into a shadow of a tree (Figure 1A). Yet, we perceive the ball to be the 
same at different time scales of the change, indicating that our visual systems maintain constant 
perception of the black-and-white contrast despite different amounts of light reaching our eyes. Such 
contrast constancy is found not only in human reports of perception or behavioral responses of fruit 
flies, but in the neuronal responses in several species (Burkhardt et al., 1984; Ketkar et al., 2020; 
Laughlin, 1989; Normann and Werblin, 1974). To achieve constancy, visual systems adjust their 
sensitivity through gain control, thus determining the response size relative to the mean luminance 
rather than responding to mere light fluctuations. Gain control is a characteristic of many visual 
neurons, from photoreceptors to cortical cells (Carandini et al., 1999; Mante et al., 2005; Normann and 
Werblin, 1974; Werblin, 1974; Werblin and Dowling, 1969; Wienbar and Schwartz, 2018). The role of 
gain control at processing steps postsynaptic to photoreceptors for perceptual constancy and behavior 
remains unclear. 

Gain control is a two-way process. For example, when a soccer ball flies into a shadow, the difference 
in light reflected by the black and white patches goes down, and vision thus requires a higher gain to 
perceive a similar contrast as compared to the non-shaded area. Conversely, a reduction in gain has to 
adjust contrast signals when the ball is back in the sunlight (Figure 1A). Gain control happens at 
different processing steps. Well studied is gain control implemented by photoreceptors, which is crucial 
to enable their limited operating ranges to deal with the vast range of environmental light intensities 
(Naka and Rushton, 1966; Pouli et al., 2010; Rieke and Rudd, 2009b). Specific photoreceptor types that 
lack gain control saturate with increasing intensity and thus lack sensitivity to changes at higher 
intensities (Normann and Werblin, 1974). Since light intensities vary not only with slow day-night 
changes but also with fast movements, such as saccadic eye movements or self-motion during a soccer 
game, rapid gain control mechanisms also have to be in place (Rieke and Rudd, 2009b). Fast gain control 
mechanisms acting on the order of 200-300 ms indeed modulate the sensitivity enough so as to not 
miss out changes in the new environment (Baylor and Hodgkin, 1974; Clark et al., 2013; Lee et al., 
2003). However, the sensitivity continues to alter for another tens of seconds or even minutes, 
depending on the receptor system and the experimental settings (Laughlin and Hardie, 1978; Normann 
and Werblin, 1974). In line with this, neuronal responses are also more likely to obey Weber’s law, 
indicative of constancy, when longer stimuli or stimuli of lower temporal frequency are shown (Barlow, 
1957; Kelly, 1972). The downstream gain control processes could help achieve perceptual constancy at 
faster timescales, but this possibility is not causally explored. 

Gain control is a universal process of vertebrate and invertebrate visual systems. In the fly visual 
systems (Juusola and Hardie, 2001; Laughlin and Hardie, 1978), photoreceptors R1-R6 implement a 
luminance gain and respond with a contrast-sensitive transient component followed by a luminance-
sensitive component. The first-order interneurons, known as Lamina Monopolar Cells (LMCs) L1, L2 
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and L3, capture the photoreceptor signals in a sign-inverted manner. L2 and L3 constitute the major 
inputs to the OFF pathway, where L2 relays an amplified contrast signal crucial for OFF-motion guided 
behavior (Clark et al., 2011b; Ketkar et al., 2020; Silies et al., 2013b). However, LMCs cannot achieve 
luminance invariance in dynamic conditions (Ketkar et al., 2020; Laughlin and Hardie, 1978). Recently, 
a circuit mechanism was found necessary for behavioral constancy at fast timescales. This mechanism 
relied on a luminance-sensitive signal preserved past photoreceptors, in L3, in parallel to the contrast-
sensitive L2 (Ketkar et al., 2020). This luminance gain control downstream of the first-order 
interneurons enables a fast adjustment of the system’ sensitivity, required for contrast-constant 
behavioral responses. A system lacking this mechanism was less sensitive to changes comprising 
contextually dim values, indicating that the prevailing gain was lower than required. It remains to be 
tested if a gain control is also in place when contrast sensitivity postsynaptic to photoreceptors alone 
leads to too high responses in bright environment that deviate from constancy. 

Whereas photoreceptors adjust their gain with the help of intrinsic properties and feedback inputs (Gu 
et al., 2005; Juusola and Hardie, 2001; Nikolaev et al., 2009), the post-receptor gain correction in flies 
is a circuit mechanism shaped by feed-forward inputs from the first-order interneurons. Post-receptor 
gain controls in vertebrates also involve non-intrinsic/ circuit components. For example, gain control 
in bipolar cells includes a potential input from horizontal cells (Thibos and Werblin, 1978). Gain control 
in retinal ganglion cells (RGCs) also involves upstream neurons that form the summation pool for RGCs 
(Shapley et al., 1972). Due to the greater extent of spatial summation leading to less noise, advanced 
visual processing stage such as RGCs is a more reliable site for rapid gain control than the periphery 
(Dunn et al., 2007; Rieke and Rudd, 2009b). Thus, the post-receptor gain controls are potentially 
involved in rapid sensitivity adjustment necessary for contrast constancy in dynamic environments. 

Post-receptor gain adjustments might be necessary even in slowly changing light conditions. For 
example, LMCs increase their contrast sensitivity over several orders of adapting luminance, before the 
contrast sensitivity settles at a maximal value at high luminance (Laughlin et al., 1987). If behavior is 
limited by the varying sensitivity in this luminance range is not particularly tested. However, flies did 
not maintain contrast constancy in the low luminance regimes, indicating limitations of very dim light 
(Ketkar et al., 2020). Notably, L3 provides such a higher gain, as it non-linearly amplifies the dim stimuli. 
If and how L3 is able to provide a reduced gain, in bright conditions where it is least active, is an open 
question. 

Here, behavioral studies combined with modelling approaches identified the circuit substrate for the 
two-way gain control occurring in downstream circuitry. Behavioral responses were both contrast 
constant on fast time scales when contrasts were presented at different adaptation states i.e. in 
different luminance regimes, and when the same contrast was presented at different luminances. 
Purely contrast-sensitive L2 responses deviated from constancy in both scenarios. In addition to the 
known underestimation of contrast in low luminance, predicted behavior driven by L2 alone 
overestimated many contrasts in high luminance, uncovering a circuit requirement for gain reduction. 
Interestingly, the L3 pathway was not only required for gain enhancement but also for gain reduction 
across many luminance regimes, and thus has a two-way role in contrast constancy. Additionally, the 
direction of gain control depended on absolute luminance. For very dim stimuli, L2 responses 
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underestimated contrasts and L3 enhanced these very dim stimuli. To explain how the luminance and 
contrast channels interact in the downstream circuitry to enable these seemingly diverse actions of L3, 
we devised an algorithmic model. The model predicts a circuitry where L2 and L3 interact non-linearly 
to implement the gain increment, whereas an inhibitory action of L3 implements gain decrement 
through a separate channel. Yet another L3-only channel acts as an additional contrast channel and 
confers a higher gain in extremely low luminance. In sum, our study describes a rapid gain control 
mechanism in fly vision that serves behavioral constancy and also improves vision in extremely dim 
conditions, reminiscent to the scotopic system in vertebrates. 
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Results     ... 

Adapted L2 responses deviate from contrast constancy  

To achieve constant contrast sensitivity, the visual system’s gain needs to increase or decrease when 
viewing conditions get dimmer or brighter. We first asked if the periphery of the fly eye meets these 
requirements. The first-order interneurons adapt slowly, and LMC contrast signals do not meet the 
gain control requirements for constancy in dynamic conditions (Ketkar et al., 2020; Laughlin and 
Hardie, 1978). But do they suffice for contrast-constant behavior when fully adapted? To explore how 
the contrast-sensitive LMC subtype L2 encodes contrast across adapting luminances, we examined in 
vivo calcium responses to different contrast steps in five luminance regimes together spanning four 
orders of luminance, using two-photon imaging (Figure 1B). Within each luminance regime, flies 
expressing GCaMP6f specifically in L2 neurons were adapted to a bright screen for 30 s, before 
luminance stepped down (6 OFF steps) or up (2 ON steps) to show one of 8 contrast values ranging 
from -25% to +50% Weber contrast. The step luminance again persisted for 30 s before the next 
adapting phase. Transient L2 responses negatively correlated with contrast, as shown previously 
(Figure 1C, Figure S1A, (Clark et al., 2011b; Laughlin et al., 1987)). The plateau signal, quantified within 
the last second of the step, showed little variance and almost completely returned to previous baseline 
within the 30s (Figure S1B). Within each luminance regime, the absolute change in L2 calcium scaled 
with contrast (Figure 1D). However, across regimes, the same contrasts did not elicit similar responses, 
but the response amplitude scaled with luminance for each of the contrasts. If the same data were 
plotted as a function of luminance, the operating range seemed to have expanded with adapting 
luminance (Figure 1E). Thus, even for long, static luminance exposures, L2 responses did not achieve 
constant contrast sensitivity, but retained luminance dependence. 

We examined the timescales of L2 calcium adaptation by fitting an exponential curve to the mean 
response time traces obtained during each OFF step (Figure 1F-G, Figure S1C). A single exponential 
process captured the initial response decay well. A steady-state parameter obtained from the fit was 
small but non-zero for the bright stimuli, revealing an additional, slower adaptation process (Figure 1F, 
G middle). Adaptation time constants of the single exponential process varied across luminance 
regimes, with the brightest regime having the smallest time constants and adapting fastest, as has been 
shown for adaptation in the vertebrate retina (Figure 1G left, Dunn et al, 2007). Nevertheless, the 
fastest time constants were in the range 1.2 s - 1.7 s, meaning the responses required a minimum of 6 
s - 8.5 s to reach steady state. The proportionality constant (or gain) of the exponential fit increasing 
with luminance again underlined the luminance-dependent contrast sensitivity (Figure 1G right). In 
sum, Drosophila L2 adapts its sensitivity over considerably long time scales, and does not attain 
contrast constancy even after long adapting exposures. 
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Figure 1: Adapted L2 responses deviate from constancy.  (A) Difference of light reflected by the black and white patches 
on a soccer ball is higher in bright light and lower in dim light. To perceive the two differences similarly, gain should be 
increased when moving into a dim light region and vice versa. (B) Schematic of the stimulus for in vivo L2 calcium imaging. 
Within each luminance regime (denoted by neutral density (ND) 2.4, 1.8 etc.), flies were exposed to 30 s-long bright screen, 
followed by a 30 s-long step comprising one of eight different contrasts (% values are shown). (C) L2 calcium response time 
traces in one of the luminance regimes (ND 0.6). Gray shades represent contrasts. Black trace represents stimulus. (D) L2 
step responses quantified as the difference between peak response and preceding plateau response, plotted against 
different contrasts, in five luminance regimes. (E) Same data as in D, plotted against step luminance. L2 responses do not 
sense contrast cues similarly across bright and dim conditions. (F) Example exponential fits to mean OFF step response 
traces (-100% and -87.5% contrasts) in the brightest luminance regime (ND 0). Orange arrows indicate deviations of the fit 
from the data in the plateau phase. (G) Parameters of the exponential decay as a result of fitting process – time constant 
(left), steady-state calcium level (middle) and proportionality constant (right). Sample size is n=10 (136), #flies (#ROIs). 
Traces and plots in B-E show mean ± SEM. 
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Fly behavior requires both gain increments and decrements for contrast constancy, at different 
absolute luminances 

Given that L2 does not achieve constancy even at long timescales, we next asked if behavior too 
deviates from constancy at different adaptation states. We tested fly walking behavior with a similar, 
mixed-contrast stimulus set as the one used to characterize L2 physiology. Moving OFF edges of 
different contrasts (-50% to -87%) were randomly interleaved, and the same set was tested in five 
different luminance regimes (Figure 2A). Individual background and edge luminances did not persist 
long enough to allow complete gain adjustment. Flies positioned on an air-cushioned ball and 
surrounded by the stimulus turned in the direction of the edge motion, and turning scaled with contrast 
in all luminance regimes (Figure 2B,C). Across regimes, responses to each contrast were nearly the 
same, showing contrast constancy (Figure 2C). Only the lowest luminance regime was an exception, 
where responses to all contrasts were weak. When plotted against log(luminance), the response curves 
in the four brighter regimes appeared shifted versions of each other, indicating similar response ranges 
allocated to the fixed contrast range regardless of adaptation state (Figure 2D). Thus, unlike L2 
responses, behavior was contrast constant across a broad luminance range, and implied additional gain 
control operating as a function of absolute luminance. The function of luminance may amplify or 
reduce L2 signals at different luminances. We next aimed at finding the direction of gain correction 
required. 

Behavioral responses to -100% contrast required a corrective luminance gain across four orders of 
magnitude, provided by luminance-sensitive L3 neurons (Ketkar et al., 2020). In the absence of L3 
function, behavior followed contrast-sensitive LMC responses, indicating a linear translation of the 
contrast-sensitive responses to purely contrast-driven behavior. We hypothesized that L3 might 
provide luminance-dependent gain required across all contrasts, and to predict the sign of gain 
correction, trained a linear model on the responses of L3-silenced flies to -100% contrast (data from 
(Ketkar et al., 2020)). To model behavior, contrast-sensitive LMC responses were predicted for all 
stimuli used in the behavioral assay based on previous LMC characterization in bigger flies, and with 
parameters adjusted to the D. melanogaster visual system ((Laughlin et al., 1987), see methods). 
Contrast-driven behavior was then modelled as a linear function of these LMC responses, and 
compared with the measured behavior (Figure 2E). Intriguingly, the pure contrast-driven behavior was 
bigger than measured behavior in the bright luminance regimes, indicating a requirement for gain 
reduction, and smaller in the dim regimes, indicating a requirement for gain enhancement. Thus, 
contrast-constant behavior relies on a two-way corrective gain control whose sign is based on absolute 
luminance. 
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Figure 2: Fly behavior requires both gain increments and decrements for contrast constancy, at different absolute 
luminances.  (A) Schematic of the mixed-contrast stimulus. Single moving OFF edges of varying contrast were randomly 
interleaved within each luminance regime (denoted by ND 0, ND 0.9 etc.) and turning responses of flies walking on a ball 
were measured. (B) Turning velocity time traces in response to different contrasts in one of the five luminance regimes 
(ND 0.9). (C) Quantification of total turning in all five regimes plotted against contrast. (D) Total turning in response to the 
contrast stimuli in all five regimes, plotted against edge luminance. Contrast cues are perceived similarly in bright and dim 
conditions. (E) The same data as in D, plotted together with predicted behavior based on LMC contrast responses alone. 
Discrepancy between the two can be abolished by increasing gain in dim luminance regimes and decreasing gain in bright 
regimes. Sample size is n=10 flies. Traces and plots in B-E show mean ± SEM. 

LMC responses to multiple contrasts require corrective gain reduction in contextual bright light at 

fast timescales 

For contrast-constant behavior in high luminance regimes, contrast-sensitive responses needed to be 
scaled down, for all contrasts we tested. This is unlike -100% contrast, which required a positive gain 
(Ketkar et al., 2020). We asked if the different requirements stemmed from distinct stimulus paradigms 
or distinct contrast values. For example, mixing contrast values could have involved contrast 
adaptation, leading to reduced behavioral responses to many contrasts. To test this possibility, we 
devised a stimulus where sets of moving OFF edges of one contrast (-50%, or -80%) was presented at 
different luminances. The background luminance lasted for only 500 ms, and thus each background did 
not induce complete luminance adaptation in LMCs. As a result, the stimulus also gave us an 
opportunity to simultaneously test if the challenge of rapid luminance changes contributed in deciding 
the direction of gain control.  

When shown one contrast at different luminances, flies turned with comparable velocities and thus 
were contrast constant (Figure 3A, B). This was true for both the -50% and the -80% contrast set. Under 
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these conditions, theoretically predicted behavior driven by the LMC contrast information alone again 
did not show such constancy and instead scaled with contextual light, at both contrasts (Figure 3C, D). 
The predicted behavioral responses were stronger than the observed responses, and the discrepancy 
was more pronounced at contextual bright light. Thus, in the bright luminance regime, LMC gain was 
always higher than required to estimate the contrasts, and the required gain modulation was further 
stalled by the rapid luminance changes. 

 
Figure 3: Contrast-constant fly behavior at multiple contrasts requires gain reduction in contextual bright light.  (A-B) 
Turning velocity time traces in response to -50% (A) and -80% (B) contrasts, each presented at varying luminances (thus, 
‘uniform-contrast’ stimuli). Shown here is one of the five luminance regimes (ND 0.9). (C-D) Quantification of total turning 
from the data in (A-B) plotted together with predicted behavior based on LMC contrast responses alone. (E-F) Total turning 
in response to the uniform-contrast stimuli in five luminance regimes, plotted together with predicted behavior based on 
LMC contrast responses alone. Discrepancy between the two can be abolished by increasing gain in dim luminance regimes 
and decreasing gain in bright regimes, especially contextual bright light. Sample size is n=10 flies. Traces and plots in A-F 
show mean ± SEM. 

For any of the contrasts, gain correction was required to mainly scale down the contrast-driven 
behavior, and the contextual luminance only determined the extent of correction. We next tested if 
this observation generalizes over a broad luminance range (Figure 3E, F). Sets of both -50% and -80% 
contrast elicited nearly constant responses in all five luminance regimes tested. Predicted contrast-
driven behavior underestimated stimuli in the low luminance regimes, overestimated the bright 
regimes, and a combination was seen in an intermediate regime – where the required gain correction 
‘reversed’ its direction across the stimulus set. In the darkest regime, the predicted behavior did not 
vary much with contextual luminance variations. However, in the brighter regimes, contextual 
luminance determined the extent of correction, while adhering to the direction of correction 
demanded by the absolute luminance values. In summary, a two-way gain correction past LMCs was 
required to explain the observed behavior, at multiple contrasts and multiple timescales of luminance 
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change. The -100% contrast stimulus tested earlier was an exception, in that the LMC responses 
required only scaling up, and thus a one-way correction. 

 

L3 signals implement the two-way gain control  

We next wanted to understand how the two types of gain correction are implemented at the network 
level. Given that L3 is the only known neuron to provide luminance information to visual circuitry, we 
first asked if L3 could provide some luminance-dependent gain. We blocked L3 function by expressing 
the temperature-sensitive, dominant-negative dynamin allele shibirets (Kitamoto 2001) selectively in 
L3 neurons. We tested turning responses of L3-silenced flies to the mixed-contrast stimuli, as well as -
50% and -80% stimuli in all five luminance regimes. Regardless of the stimulus set, L3-silenced flies 
turned less than controls to stimuli in the dim luminance regimes, resembling the pure contrast-driven 
behavior, confirming our hypothesis (Figure 4A, Figure S2 and Figure S3). To our surprise, L3-silenced 
flies turned more than controls in bright luminance regimes, as shown in the model prediction (Figure 
4B, Figure S2 and Figure S3). Thus, L3 function appears to account for the discrepancy between pure 
contrast responses and behavior over the entire luminance range tested (Figure 4C-E). Furthermore, 
L3-silenced flies lost contrast constancy, and their turning responses instead scaled with contextual 
luminance, i.e. with luminances within one stimulus set (Figure 4C,D). Again, this behavior was as 
predicted by the pure contrast-driven behavior. In other words, L3 signal applied both gain increments 
and decrements onto the LMC contrast signal, at both fast and slow timescales, to meet the behavioral 
requirement across different luminances. 

Since the absolute luminance values play key role in determining the direction of the post-receptor 
gain control, L3 must have absolute luminance information. We tested this hypothesis by expressing 
GCaMP6f selectively in L3 neurons and measured calcium signals in response to a broad range of 
luminances (Figure 4F). Flies were exposed to 30 s of adapting luminance before an OFF step to near-
dark screen (~-100% contrast) was taken. The dark screen persisted for 3 s, before the next adapting 
luminance was displayed, making it an ON step. Five adapting intensities were tested over four 
luminance regimes each. Like L2, L3 also responded with an increase in calcium to the OFF steps (Figure 
4G). The OFF screen-elicited calcium signal was taken as the baseline fluorescence (F) and the 
responses to different ON steps were quantified. The steady-state L3 responses gradually decreased 
with luminance within and across luminance regimes, showing that L3 encodes absolute luminance in 
its steady-state calcium level (Figure 4H). In the bright luminance regimes, L3 showed a certain degree 
of gain control making the steady-state response curve somewhat discontinuous, indicating a transition 
to encoding rather contextual luminance in bright light. Thus, L3 baseline calcium retains luminance 
information required for the gain correction mechanism that is shaped predominantly by the absolute 
luminance values, but also by contextual luminance in bright conditions. 
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Figure 4: L3 signals implement two-way gain control.  (A-B) Turning velocity time traces of control (gray) and L3-slenced 
(green) flies in response to mixed-contrast stimuli in a dim (A, ND 2.7) and a bright (B, ND 0) luminance regimes. (C-E) 
Turning responses (quantified as total turning) of control and L3-silenced flies to the mixed-contrast stimuli (C) and the 
uniform-contrast stimuli, at -50% (D) and -80% (E) contrast in five luminance regimes. Sample size is N=10 flies for each 
genotype and stimulus set. (F) Schematic of the stimuli used for in vivo calcium imaging in L3. 30s exposure to one of five 
different intensity values followed 3s OFF interval. The procedure was repeated in four different luminance regimes. (G) 
L3 response time traces for the five intensity values in the luminance regime ND 0 and ND 0.9. (H) L3 responses quantified 
in the last second of the 30s luminance exposures for all stimuli over the four regimes. Sample size is n=12 (192), #flies 
(#ROIs). All traces and plots show mean ± SEM. 
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A dichotomy-inspired, luminance-contrast integration model 

L3 function appears to be dichotomous, providing a gain increment in absolute low luminance regimes, 
and a negative gain at absolute high luminance regimes. At first sight, this contradicts the role of L3 at 
-100% contrast, where flies did not overestimate stimuli at any luminance (Ketkar et al., 2020). If the 
same L3 neurons implement corrective operations in both stimulus paradigms, then a dichotomous 
impact of absolute luminance should be evident for all contrasts. To test for this explicitly, we 
quantified the ‘L3 contribution’ to behavioral responses to -100% contrast by subtracting total turning 
of L3-silenced flies from that of the control flies (Figure 5A, data from (Ketkar et al., 2020)). The 
difference indeed revealed two modes of L3 contribution, specific to high and low luminances: at high 
absolute luminance, L3 corrected for the response deficits in contextual dim light, i.e. the relatively 
dimmer stimuli of each luminance regime. There, the gain poorly adjusted due to dynamic stimulation 
needed a boost only when sudden dim light was encountered. In contrast, L3 contribution at absolute 
low luminances did not correlate with contextual luminance, but rather with absolute luminance. An 
L3-based correction at dim light did not lead to contrast constancy, but improved detection of the dim 
stimuli in general.  

We then calculated L3 contribution for the other uniform-contrast stimulus sets used here. The sign of 
the L3 contribution for both the -50% and -80% contrasts was in line with the direction of gain 
correction: the L3 contribution was negative at -50% and -80% contrasts on the higher side of the 
partition, whereas all three contrasts required a positive L3 contribution on the lower side of the 
partition (Figure 5B). Therefore, L3 has a dichotomous role in adjusting behavioral responses across 
luminances for all contrasts tested. Importantly, the partitioning of the luminance axis occurred at 
similar luminances for the three contrasts, suggesting a common mechanism underlying the partition. 

We wished to understand, algorithmically, how the luminance pathway interacts with the contrast 
pathway to implement the dichotomous correction. We modelled the role of luminance as guided by 
the dichotomy: two parallel channels constituted two distinct operations required at dim and bright 
luminances. A steep sigmoidal function of luminance f(I) with its midpoint at the partitioning luminance 
determined which of the parallel channels assumed a dominant role (Figure 5B, orange). The channel 
correcting the estimate of dim stimuli was a luminance-only channel, thus providing a contrast-
independent signal to amplify all dim stimuli. In the other channel dealing predominantly with the 
brighter regimes, f(I) scaled LMC contrast signals to selectively tackle the challenges of dynamic 
conditions i.e. specific to contextual luminance variations. The output of the two channels, along with 
a contrast-only output, were linearly combined to predict control behavior. The model equation was 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼……………………………. (1)  
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where L2 corresponds to the contrast-sensitive LMC output, I is background luminance, f(I) is the 
sigmoidal function shown in (Figure 5B) and 𝑎0 − 𝑎4 and b0 are constant parameters optimized when 
training the model. The contrast-only term combined with a constant term, 𝑎0 + 𝑎1𝐿2 predicted L3-
silenced behavior well, as shown in the previous sections. All terms together were expected to shape 
the control behavior. Among the luminance contributions, 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) was the dominant 
term at high luminances, whereas 𝑎4 1 − 𝑓(𝐼) log𝐼 assumed the dominant role in dim light.  

 
Figure 5: A dichotomy-inspired model captures -100% contrast undrestimation by L3 silenced flies, but not 
overestimation of other contrasts. (A) Difference between control responses and responses of L3-silenced flies to -100% 
OFF edge stimuli over five luminance regimes (data from Ketkar et al 2020). Red line partitions the luminance axis into two 
parts. Behavior in the brighter part requires L3 in contextual dim or bright light, whereas behavior in the dimmer part 
generally requires L3. (B) Difference between control responses and responses of L3-silenced flies to all three uniform-
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contrast stimulus sets (-100%, -80%, -50%). Oragne curve shows f(I), a sigmoidal function of luminance centered at the 
partitioning luminance (103 photons s-1 receptor-1). (C-H) Behavior of control and L3-silenced flies in response to -100% (C), 
-50% (E) and mixed-contrast (G) stimuli as predicted by model (eqution 1). The corresponding observed behavioral 
responses are in (D, F, H), for comparison. (F,H) are the same as Figure 4C,E. 

When the model was trained on the -100% dataset, it captured the control behavior at -100% contrast 
in all luminance regimes well (Figure 5C,D). However, it failed to predict responses to other stimulus 
sets, such that it overestimated control responses in bright conditions (Figure 5E-H). Thus, the model 
only captured L3-mediated gain increment, but not gain decrement. When the model was instead 
trained on a set comprising overestimation, it predicted overestimation for all sets – also for the 100% 
set. Thus, the model cannot capture bidirectional gain control at once The model also failed to 
discriminate contrasts in the mixed-contrast dataset, in the bright regimes (Figure 5G-H), hinting at 
insufficient information about contrast available to the model. Notably, the model captures responses 
to -100% OFF edges alone – the only condition where edge has no measurable luminance. Therefore, 
edge luminance could provide the information required to distinguish contrasts. 

Inhibition by the OFF edge luminance signals is key to gain reduction 

We next revised the model by including further contrast-related information. Edge luminance 
distinguishes -100% contrast from other contrasts, however, the model should distinguish between 
other contrasts too. To examine the utility of edge luminance to distinguish all contrasts, we explored 
if L3 contribution i.e. the difference between control and L3-silenced behavior varied as a function of 
edge luminance, at -50% and -80% contrasts. L3 contribution increased with luminance for both 
contrasts, however behavioral responses to the -50% contrast set generally required a higher L3 
contribution than the -80% contrast set (Figure 6A). L3 contribution could be best fitted by a line 𝑅 =
𝑎 ∗ 𝑙𝑜𝑔10 (𝐼 ), where Iedge is the OFF-edge luminance, suggesting that the logarithm of the edge 
luminance was a reliable feature distinguishing contrasts. Thus, we added to the model a term that 
solely depended on edge luminance. The model equation now took the form  

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  
………………………………………………………………………………………………….. (2) 

We first trained the model on the uniform-contrast datasets. The model now captured both 
underestimation in the -100% set and overestimation in the -50% and -80% sets, with high accuracy 
(Figure 6B-F, Figure S4). We validated the model on the mixed-contrast set, where it also predicted 
both overestimation and underestimation equally accurately (Figure 6B,G,H). Conversely, the model 
trained on the mixed-contrast datasets was generally capable of capturing features of the uniform-
contrast datasets, showing that the model was robust to the different stimulus paradigms tested 
(Figure S4).  

Finally, we noticed that the responses to the mixed-contrast stimuli were slightly underestimated by 
the model, especially in high luminance regimes (arrows in Figure 6B, right). We thus considered the 
possibility that the mixture of contrasts leads to contrast adaptation or sensitization. To account for 
this, we added a scaling factor that operates on the terms involving L2 contribution in the equation 2, 
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although the scaling was only meant to operate when contrasts were mixed (see methods). The 
equation now read 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  

 + 𝑘 𝑎1𝐿2 ……................................................................................................... (3)  



83 
 

 
Figure 6: Inhibition by the OFF-edge luminance is key to gain reduction. (A) Difference between control responses and 
responses of L3-silenced flies to -50% (red) and -80% (gray) contrasts. Black line is a linear function of log(edge luminance). 
(B) The model including edge inhibition (equation 2) was trained on responses to the uniform-contrast stimuli and validated 
on responses to the mixed-contrast stimuli. Predicted vs observed responses are plotted separately for the training set 
(left) and the test set (right). Prediction accuracies are represented by the R-squared values. Dashed lines are unity lines; 
orange arrows indicate data points consistently deviating from the unity line. (C-H) Behavior of control and L3-silenced flies 
in response to -100% (C), -50% (E) and mixed-contrast (G) stimuli as predicted by the revised model (eqution 2). The 
corresponding observed behavioral responses are in (D, F, H), for comparison. (F,H) are the same as Figure 4C,E and Figure 
5F,H. 
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This revised model, when trained on the uniform-contrast sets, predicted the mixed-contrast 
responses more accurately (Figure 7A-C). The model proposes that the post-receptor gain control 
operates in separate channels downstream of the lamina, which cater to distinct contrast- and 
luminance-dependent requirements of gain correction (Figure 7D).  

 
Figure 7: A multi-channel luminance-contrast integration model captures role of luminance in gain correction. (A) 
Behavior of control and L3-silenced flies in response to the mixed-contrast stimuli as predicted by a revised model that 
accounts for sensitization effects (eqution 3). (B) Observed behavioral responses are to the mixed-contrast stimuli, same 
as in Figure 4C, Figure 5H. (C) Predicted vs observed responses to the mixed-contrast stimuli. Dashed line is unity line. R-
squared value represents prediction accuracy. (D) Summary schematic of the proposed circuitry implementing two-way 
gain correction. Lamina neurons L2 and L3 receive input from photoreceptors R1-R6. Downstream, four distinct channels 
process lumiance and contrast in different ways and their outputs are integrated. A constant offset independent of L2 or 
L3 also add to the overall summation. The processing channels as well as the integrating neuron may be found in the 
medulla or lobula complex. 

 
In sum, our results provides an algorithmic and mechanistic understanding of vision in dynamically 
changing conditions, across a wide range of absolute luminances. Our work demonstrated that fly 
behavior achieves better constancy and better detection of dim stimuli than expected from contrast-
sensitive (L2) physiology only, owing to the gain correction across luminances and contrasts. The 
luminance-sensitive L3 neurons provide signals necessary for the diverse gain control operations, and 
their interaction with contrast signals is well-captured by the algorithmic model. 
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Discussion 

Luminance information retained past photoreceptors in known to correct contrast computation in flies 
(Ketkar et al., 2020). In the present study, we demonstrate how the role of luminance in post-receptor 
gain control generalizes over contrast-luminance space. Contrast computation in the first-order 
interneurons is not contrast constant at both fast and slow timescales, and challenges vision in distinct 
scenarios that require further gain modulation. Specifically, contrast-driven behavior requires (1) a gain 
increment in contextual dim light and (2) a gain decrement in contextual bright light to establish 
constancy. It further requires (3) gain increment at extremely low illumination to improve visibility of 
the stimuli. The luminance-sensitive L3 neurons provide signals for all these gain-corrective operations 
in their downstream circuitry. A computational architecture of this circuitry is provided by our 
modelling approach, which suggests how the contrast- and luminance-sensitive channels interact to 
tackle all these widely differing scenarios. Here, the luminance signal plays a dichotomous role: a 
contrast-dependent correction (i.e. in contextual dim or bright light only) is implemented in bright 
environments and a contrast-independent correction in dim environments, explaining the apparent 
dual role of L3. 

Contrast computation in first-order interneurons is insufficient for constancy at multiple timescales 

We show that the contrast-sensitive neurons L2 in Drosophila do not fully attain luminance invariance. 
They not only adapt their gain too slow to achieve constancy at fast timescales, but also exhibit a 
luminance-dependent contrast sensitivity at slow timescales of several tens of seconds, that allow 
adaptation of the sensory periphery / photoreceptor adaptation. LMCs in large flies also increase their 
contrast sensitivity over several log units of adapting luminance, although the contrast sensitivity of 
LMCs in bigger flies stabilizes at a maximal value at high luminance (Laughlin et al., 1987). It is possible 
that even Drosophila L2 attains a better stability at luminances higher than we have tested, however, 
behavior is contrast constant in the same luminance ranges where L2 is not. Thus, gain control in 
photoreceptors and LMCs combined is insufficient to explain constancy observed in behavior. Flies 
appear to have implemented a remarkable strategy to overcome the limitations in adaptation of the 
periphery. Fruit flies are preferentially active in twilight, and therefore the luminance range we tested 
is of their behavioral importance (Spitschan et al., 2016). Fly behavior only show an inability to maintain 
constancy at very low illumination, highlighting the requirement of additional gain control based on 
the absolute luminance scale. 

In vertebrates, regions of luminance-dependent variation of contrast sensitivity are found in both rod 
and cone vision. For example, in the Rose-DeVries region of the threshold-vs-intensity curves, detection 
threshold rises less steeply than would be expected from Weber’s law – the ideal case of sensitivity 
adjustment (Aguilar and Stiles, 1954; Brown and Rudd, 1998; Rieke and Rudd, 2009b). This is a low-
intensity region, and Weber’s law generally catches up at higher intensities. Importantly, observations 
regarding the Rose-DeVries region differ, and behavioral reports and physiological evidences often 
diverge. Our work examines behavior and physiology of the first-order interneurons using very similar 
stimulus parameters and hence offers a direct comparison between the two measures, demonstrating 
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that behavior achieves luminance-invariant contrast sensitivity where the peripheral contrast 
computation does not. 

Contextual luminance as well as contrast determine the direction of gain correction 

Contrast-driven behavior required a corrective gain increment in contextual dim light and decrement 
in contextual bright light, to achieve constancy. This is in line with the nature of challenges faced in 
dynamic conditions. When illumination suddenly goes down, a higher gain is required to perceive the 
same contrasts but is not achieved in slowly adapting L2. Conversely, sudden encounter with bright 
light would require lowering of gain. Whereas both requirements are expected to coexist within any 
luminance regime, only one of them is prominent in the bright regimes. Surprisingly, the contrast value 
determines which one of the two requirements exist: gain increment is required at -100% contrast, and 
gain decrement is required at lower contrasts (-50% and -80%). We interpret these differential 
requirements as representing the behavioral relevance of different contrasts. For example, -100% 
contrasts are the biggest negative changes and carry maximal relevance, and a higher gain might 
possibly not lead to stronger responses due to behavioral response ceiling. On the other hand, -50% 
contrasts might be less relevant, as evidenced by comparably weak fly turning responses, and a lower 
gain possibly does not lower the originally weak responses any further. Such low contrast is only 
overestimated, when the contrast signals are too high due to insufficient gain adjustment and lack of 
any other contrast cue. Our model hints at the edge luminance as an additional contrast cue. For any 
specific background luminance, the -100% contrast edge has a near-zero luminance, and the edge 
luminance increases with decreasing contrast values. Thus, inhibition proportional to the edge 
luminance is a plausible solution to enable responses correlating with relevance of different contrasts. 

A single luminance-sensitive neuron provides both gain increments and decrements 

L3 alone is able to implement the two-way gain control required for behavior. It scales up responses in 
contextual and absolute dim light, and scales them down in bright light. The bidirectional action is non-
trivial, considering it is potentially a feed-forward mechanism. Feedback mechanisms rely on the 
neurons’ own output (e.g., photoreceptor-horizontal cell feedback loop), and such feedback 
automatically goes up or down when the output itself goes up or down, thus allowing gain regulation 
in both directions. In contrast, the novel gain control in flies takes place downstream of the luminance-
sensitive L3 neurons, which receive dominant input from photoreceptors and rely little on circuit 
interactions such as feedback (Sporar et al., unpublished). L3 is non-linearly more sensitive to dark, and 
consistently provides gain increment in both contextual and absolute low luminance (Ketkar et al., 
2020). Paradoxically, the gain decrement in bright light requires an inhibitory role of L3 which is least 
active under these conditions. Reduced L3 activity cannot be directly linked with reduced gain either, 
because L3 silencing mimics its reduced activity in bright light but still leads to overestimation of 
stimuli. Interestingly, our model proposes a separate channel that relays inhibitory signal proportional 
to the OFF edge luminance.  The separate channel could mediate the gain reduction through release 
of inhibition downstream of L3. This possibility requires an inhibitory neuron that receives inhibitory 
input from L3, however the known L3 post-synapses are excitatory (Takemura et al., 2013a), and the 
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hypothesis relies on indirect connections. For example, Mi9 is an inhibitory neuron downstream of L3, 
and CT1 links Mi9 to T5 – the OFF motion-sensitive neurons – through an inhibitory synapse (Shinomiya 
et al., 2019; Takemura et al., 2017a). Thus, different possible network solutions can implement the 
inhibitory role of L3. 

Two other channels proposed by the model to convey luminance information are both excitatory, and 
employ background luminance. This indicates different temporal response properties of the neural 
elements underlying L3 inhibition and excitation: the inhibitory channel is faster than the excitatory 
channel such that it relays the latest (edge) information. In contrast, the excitatory channel employs 
background information to possibly regulate resting potential of a downstream integrating neuron, 
thereby changing its gain.  

Post-receptor gain control is beneficial across species 

Gain control is found at every stage of retinal processing in vertebrates. At some processing stages, 
gain regulation is primarily necessary to match the input range with neurons’ operating range. For 
example, photoreceptors encode the natural scenes comprising ~ten orders of intensity variations, 
with just two orders of voltage response range (Naka and Rushton, 1966; Normann and Perlman, 1979; 
Schnapf et al., 1990). Even at advanced processing stages, the input from upstream neurons may 
exceed the operating range and gain control could be vital to prevent information loss stemming from 
this mismatch. However, regardless of this proposed requirement, post-receptor gain control is 
thought to be a more reliable rapid gain control, since it operates on a relatively noise-free, spatially 
pooled signal (Rieke and Rudd, 2009b). Interestingly, the major gain control operation is known to 
switch to the post-receptor cites such as RGCs, especially in low light that renders photoreceptor 
signals noisy and thus unreliable (Dunn et al., 2007). Since fly photoreceptors too have to deal with 
internal and external noise constraints (Dubs et al., 1981; Juusola and Hardie, 2001; Laughlin, 1989), 
the rapid gain control occurring at least two synapses downstream of photoreceptors may come with 
comparable benefits of spatial pooling, as in vertebrates. However, this needs wide-field neurons to 
sample information from single-columnar neurons of the compound eye. Distal medulla (Dm) neurons 
including Dm3, Dm4, Dm12 and Dm20 span several columns and also innervate medulla layer M3, 
where they could communicate with L3 axon terminals and pool luminance information (Nern et al., 
2015b). Interestingly, Tm9 neurons downstream of L3 have a wide center-surround receptive field 
(Fisher et al., 2015b; Ramos-Traslosheros and Silies, 2021), in line with the idea that the L3-mediated 
gain control benefits from spatial summation. 

Our results point at a possibility that the post-receptor gain controls in vertebrates are crucial for 
perceptual constancy under conditions where the visual periphery does not adapt rapidly. 
Furthermore, we highlight the role of the periphery, namely conserving luminance information parallel 
to contrast, in enabling the more proximal gain regulation. 
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Enhanced sensitivity to extremely dim stimuli 

Unlike the bright luminance regimes, L3 always provided a gain increment in the low luminance 
regimes, for each stimulus set tested. This increased gain did not always achieve contrast constancy in 
behavior but helped improve detection of very dim stimuli. L3 physiology is especially suited to provide 
such gain increments. L3 non-linearly amplifies dim light signals, thus encoding the low luminance 
values with high resolution (Ketkar et al., 2020). Besides, spatial summation predicted to occur 
downstream of L3 can further enhance dim light detection, by improving signal-to-noise ratio. In line 
with this, nocturnal hawkmoth vision works better than the photoreceptors would allow, due to spatial 
summation (Stöckl et al., 2016b). Consistent with its role in absolute dim light, L3 encodes absolute 
luminance over a few orders of low luminance. Luminance sensitivity is also found in vertebrate retina 
e.g. in intrinsically photosensitive retinal ganglion cells (ipRGCs), however, different ipRGCs from the 
population tile the luminance space so that they can collectively encode the broad luminance range 
with sufficient resolution (Milner and Do, 2017). In contrast, L3 encodes nearly three orders of 
luminance with its limited operating range, compromising resolution. To still play the observed 
corrective roles with accuracy, L3 must respond to luminance with remarkable precision. L3 responses 
are a monotonous function of luminance. Yet, the direction of L3’s gain control divides the luminance 
axis into two abrupt zones. How the downstream circuitry employs the purely luminance-sensitive 
signals in a dichotomous way remains to be explored. We hypothesize a luminance-dependent 
recruitment of wide-field neurons, such as the Dm neurons.  

Integration of luminance and contrast features to implement the post-receptor gain control 

The contrast- and luminance-sensitive channels must interact in the circuitry downstream of the first-
order interneurons that segregate these features (Figure 7D). In the Drosophila visual system, 
transmedullary (Tm) neurons Tm1, Tm2, Tm4 and Tm9 comprise the main second-order interneurons 
in the OFF pathway, and they subsequently pass the information onto the first direction-selective T5 
neurons (Fisher et al., 2015b; Joesch et al., 2010; Serbe et al., 2016; Shinomiya et al., 2019; Takemura 
et al., 2013a). Outputs of the local motion-sensitive T5 neurons are pooled by lobula plate tangential 
cells (LPTCs) to encode global motion that eventually guides behavior. Which of these processing stages 
integrates contrast and luminance, and where in the brain is contrast constancy truly established, 
remains to be explored. Our model provides some insights for this search. The different gain control 
operations rely on distinct processing channels, the outputs of which are eventually summed up. The 
Tm neurons could constitute these distinct channels that merge at T5 neurons. For example, Tm9 
receives the main input from the luminance-sensitive L3 (Fisher et al., 2015b; Takemura et al., 2013a). 
It could either serve as the luminance-only channel to improve dim light vision, or it could scale up 
contrast information coming indirectly from L1 (Fisher et al., 2015b). Tm2, with its fast and transient 
properties, could act as the contrast-only channel. CT1, the only known direct inhibition onto T5, could 
mediate gain reduction through indirect connections with L3. The power of Drosophila genetics will 
allow to tease apart these different options in the future.  
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Together, our study uncovers a circuit-based, rapid gain control mechanism that ensures a better 
stimulus detection at low intensities and contrast constancy at high intensities, leading to better overall 
behavioral performance than supported by the visual periphery. This mechanism operates more 
proximally than at the noise-prone photoreceptor signals. Our work demonstrates how parallel 
processing of visual features in the periphery is key to overcoming specific visual challenges and opens 
up the possibility for examining the behaviorally relevant re-integration of these features at the 
physiological and molecular levels, well-guided by a computational modeling approach.  
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Materials and methods 

Experimental model 

Flies were raised at 25 ºC and 65 % humidity on standard molasses-based fly food in a chamber where 
12h:12h light-dark cycle was maintained. Two-photon experiments were conducted at room 
temperature (20 ºC) and behavioral experiments at 34 ºC. Female flies 2-4 days after eclosion were 
used for all experimental purposes. Lamina neuron driver lines used for genetic silencing were L30595-
Gal4, described in (Silies et al., 2013b), and UAS-shi[ts] from BDSC (reference numbers 44222). For 
imaging experiments, GCaMP6f (BDSC reference number 42747) was expressed using L221Dhh-Gal4 
(Rister et al., 2007) and L3MH56-Gal4 (Timofeev et al., 2012). Detailed genotypes are given in Table 1. 

Table 1: Genotypes used in this study. 

Name Genotype Figure 

Imaging 
 

 

L2>>GCaMP6f w+; UAS-GCaMP6f / +; L221Dhh-Gal4 / + 
  

Fig 1, S1 
 

L3>>GCaMP6f w+; L3MH56-Gal4 / +; UAS-GCaMP6f / + 
 

Fig 4 

Behavior  

UAS-shibirets 
control 

w+; + / +; UAS-shits / + 
 

Fig 2, 3, 4, 5, 
6, 7, S2, S3, 
S4 

L3-Gal4 control w+; +/ +; L30595-Gal4 /+   
 

Fig S3, S4 

L3 silencing  w+; +/ +; L30595-Gal4 /UAS- shits  
 

Fig 4,5,6,7, 
S3, S4 

 

Behavioral experiments 

Behavioral experiments were performed as described in [Ketkar et al. 2020]. In brief, all experiments 
were conducted at 34 ºC, a restrictive temperature for shibirets (Kitamoto, 2001). Female flies were 
cold anesthetized and glued to the tip of a needle at their thorax using UV-hardened Norland optical 
adhesive. A 3D micromanipulator positioned the fly above an air-cushioned polyurethane ball (Kugel-
Winnie, Bamberg, Germany), 6 mm in diameter, and located at the center of a cylindrical LED arena 
that spanned 192º in azimuth and 80º in elevation (Reiser and Dickinson, 2008). The LED panels arena 
(IO Rodeo, CA, USA) consisted of 570 nm LEDs and was enclosed in a dark chamber. The pixel resolution 
was ~2º at the fly’s elevation. Rotation of the ball was sampled at 120 Hz with two wireless optical 
sensors (Logitech Anywhere MX 1, Lausanne, Switzerland), positioned toward the center of the ball 
and at 90º to each other (setup described in (Seelig et al., 2010)). Custom written C# code was used to 
acquire ball movement data. MATLAB (Mathworks, MA, USA) was used to coordinate stimulus 



91 
 

presentation and data acquisition. Data for each stimulus sequence were acquired for 15-20 minutes, 
depending on the number of distinct epochs in the sequence (see ‘visual stimulation’ for details). 

Visual stimulation for behavior 

The stimulation panels consist of green LEDs that can show 16 different, linearly spaced intensity levels. 
The presented luminance was measured as previously described (Ketkar et al., 2020). Briefly, 
candela/m2 values were first measured from the position of the fly using a LS-100 luminance meter 
(Konika Minolta, NJ, USA). Then, these values were transformed to photons incident per photoreceptor 
per second, following the procedure described by (Dubs et al., 1981) and using parameters specific to 
the D. melanogaster compound eye (Gonzalez-Bellido et al., 2011). The highest native LED luminance 
was approximately 11.77 * 105 photons * s-1 * photoreceptor-1 (corresponding to a measured 
luminance of 51.34 cd/m2), and the luminance meter read 0 candela/ m2 when all LEDs were off. 
Neutral density filter foils (Lee filters) were placed in front of the panels to attenuate luminance. The 
foils were used individually or in combinations to achieve optical densities of 0.9, 1.8, 2.7 and 3.6, thus 
creating luminance regimes that spanned about four orders of magnitude. 

Fly behavior was measured in an open-loop paradigm where OFF edges varying in either contrast or 
luminance, depending on the experiment, were presented in a randomized order. For every set of OFF 
edges, each edge was presented for around 60 to 80 trials. Each trial consisted of an initial static pattern 
(i.e. the first frame of the upcoming pattern) shown for 500 ms as background, followed by 750 ms of 
edge motion. Inter-trial intervals were 1s long and always consisted of a dark screen. All edges from a 
set were presented in a mirror-symmetric fashion (moving to the right, or to the left) to account for 
potential biases in individual flies or introduced when positioning on the ball. 

1. Uniform-contrast edges: These were two sets comprising -50% and -80% (Weber) contrast 
edges separately. In the -50% set, the edges were made of 5 different luminance values (i.e. five unique 
epochs), moving onto backgrounds twice as bright as the respective edges. The edges assumed the 
intensities 7%, 14%, 20%, 27% and 34% of the highest LED intensity (corresponding to the luminances: 
0.98, 1.96, 2.94, 3.92 or 4.90 *104 photons*s-1*receptor-1 luminance). The -80% set comprised three 
unique edges with luminances 0.98, 1.96 or 2.94 *104 photons*s-1*receptor-1, which moved onto 
backgrounds that were five times as bright as the corresponding edges. 

2. Mixed-contrast edges:  The set comprised of six distinct epochs, each with a different Weber 
contrast value (50%, 66%, 75%, 80%, 83% and 87%). Here, the edge luminance was maintained 
constant at 7% of the highest LED intensity, across epochs, and the background luminance varied. 

Behavioral data analysis 

Fly turning behavior was defined as yaw velocities that were derived as described in (Seelig et al., 2010), 
leading to a positive turn when flies turned in the direction of the stimulation and to a negative turn in 
the opposite case. Turning elicited by the same epoch moving either to the right or to the left were 
aggregated to compute the mean response of the fly to that epoch. Time traces of turning responses 
are presented as angular velocities (rad/s) averaged across flies ± SEM. 
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Total turning responses of flies were calculated over the stimulus motion period (750ms), shifted by 
100 ms to account for a response delay. Total turning was first tested for normal distribution using a 
Kolmogorov-Smirnov test. Two-tailed Student’s t tests subsequently examined statistical differences 
between genotypes. Data points were considered significantly different only when the experimental 
group significantly differed from both genetic controls. Flies with a forward walking speed less than 3 
mm/s, computed in the last 200 ms of the inter-trial interval, were discarded from the analysis. This 
resulted in rejection of approximately 15% of all flies. 

Two-photon imaging 

Female flies were anesthetized on ice before placing them onto a sheet of stainless-steel foil bearing a 
hole that fit the thorax and head of the flies. Flies they were head fixated using UV-sensitive glue 
(Bondic). The head of the fly was tilted downward, looking toward the stimulation screen and the back 
of the head was exposed to the microscope objective. To optically access the optic lobe, a small window 
was cut in the cuticle on the back of the head using fine blade and sharp forceps. During imaging, the 
brain was perfused with a carboxygenated saline-sugar solution composed of 103 mM NaCl, 3 mM KCl, 
5 mM TES, 1 mM NaH2PO4, 4 mM MgCl2, 1.5 mM CaCl2,10 mM trehalose, 10 mM glucose, 7 mM 
sucrose, and 26 mM NaHCO3. For dissections, the same solution lacking calcium and sugars was used. 
The pH of the saline equilibrated near 7.3 when bubbled with 95% O2 / 5% CO2. The two-photon 
experiments were performed using a Bruker Investigator microscope (Bruker, Madison, WI, USA), 
equipped with a 25x/NA1.1 objective (Nikon, Minato, Japan). An excitation laser (Spectraphysics Insight 
DS+) tuned to 920 nm was used to excite GCaMP6f, applying 5-15 mW of power at the sample. Emitted 
light was sent through a SP680 short pass filter, a 560 lpxr dichroic filter and a 525/70 emission filter. 
Data was acquired using PrairieView software at a frame rate of 8 to 12 Hz. 

Visual stimulation for imaging 

For comparability between behavior and physiology, stimuli for imaging experiments were shown using 
a cylindrical LED panels arena with same dimensions as the one used for behavior. The arena (IO Rodeo, 
CA, USA) consisted of 470 nm LEDs with pixel resolution of ~2º at its center. The LEDs can show 16 
different, linearly spaced intensity levels. The arena was positioned below the stage of the two-photon 
microscope, such that fly position under the two-photon objective was approximately at the same 
height as that of the arena and at the center of its upper circular ring. Two layers of blue filter (Rosko, 
Indigo no. 59) and a 0.6 neutral density (ND) filter foil (Lee filters) were placed in front of the arena to 
attenuate its intensity, such that the maximum luminance (highest LED level in the regime ND 0) was 
2.43 * 105 photons * s-1 * photoreceptor-1. Further neutral density filters were added to achieve dimmer 
luminance regimes. MATLAB coupled with a data acquisition device (National Instruments, NI USB-
6211) coordinated stimulus presentation, stimulus data acquisition and a start trigger to the 
microscope software to synchronize imaging with stimulus presentation.  

All stimuli were full-field flashes. For L2 imaging, a set of contrast steps was shown at five luminance 
regimes ND 0 (the brightest), ND 0.6, ND 1.2, ND 1.8 and ND 2.4 (the dimmest). In each regime, 30 s 
long exposure to 53% of the maximum luminance was alternated with 30 s long ON or OFF of contrast 
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steps, where the contrast value was one of -100%, -87.5%, -75%, -62.5%, -50%, -25%, 25% and 50% 
Weber contrasts, randomly chosen. Each step was shown once, thus imaging time per luminance 
regime was ~8 minutes. Sequence of the luminance regimes was also randomized for each fly. 

For L3 imaging, the stimulus was made of a dark 3s interval of ~zero luminance alternating with five 
luminances, each shown for 30 s. The luminances were 7%, 14%, 27%, 53% or 100% of the luminance 
of the highest LED level in each of the four luminance regimes ND 0, ND 0.9, ND 1.8 and ND 2.7. 
Sequence of the regimes as well as sequence of the luminances in each regime was randomized for 
each fly. The five luminances were shown three times each, thus imaging time per luminance regime 
was ~8:15 minutes. 

Imaging data analysis 

Two-photon data were analyzed using Matlab. Images were corrected for fly movements using cross-
correlation upon Fourier transformation, and aligned to a reference image that was maximum intensity 
projection of the first 30 images. Regions of interest (ROIs) were selected manually from an averaged 
aligned image such that each ROI enclosed an axon terminal. Average fluorescence intensity of each 
ROI was calculated for each frame to acquire fluorescence time traces. Fluorescence time trace of a 
background region was subtracted from the time trace of each ROI. Such background-subtracted 
signals and stimulus traces were then interpolated to 10 Hz and trial averaged. Normalized signal was 
calculated for each ROI as (dF/F) = (F – F0)/ F0, where F is the fluorescence at each time point and F0 
was defined separately for each experiment as described below.  

L2 imaging: F0 equaled mean fluorescence of the entire time series of the ROI.  

L3 imaging: Mean fluorescence intensity of the ROI during the dark epochs was used as F0. 

For both L2 and L3, single ROI signals having negative correlation with stimulus were chosen for further 
analysis. A minority of ROIs were positively correlated with stimulus, as described previously (Fisher et 
al. 2015). These ROIs have receptive field outside the stimulation area, and were thus discarded. 
Responses of the chosen ROIs were averaged for each fly, and the fly means were further averaged to 
obtain mean response traces, shown in Figure 1 and Figure 4 as mean ± SEM. 

The luminance-contrast integration model 

1. Data pre-processing 

Integrated turning was calculated from 100 ms post the edge motion onset (to account for response 
latency) and over next 0.96 s, the approximate time it took for the flies to stop turning (i.e. return to 
zero velocity line). Quantification of integrated turning offered a relatively noise-free metric, 
considering flies did not make much net directional movement in some trials. Integrated turns were 
averaged across trials of same stimulus epoch for each fly, and these data points were fit by the model. 

2. Modeling L2 response 
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LMCs were assumed to compute contrast relative to mean luminance over the time of experiment. The 
reference luminance 𝐼  was thus calculated as temporal average of different luminance values 
shown within a luminance regime. Precisely, 

𝐼 =
𝑇 + 𝑇

2 ∗ 𝐼 _ + 𝑇
2 ∗ 𝐼 _ +  𝑇 ∗ 𝐼

𝑇 + 𝑇 + 𝑇
 

 
Where static background duration 𝑇 = 0.5 s, edge motion duration 𝑇 = 0.75 s, inter-trial 
interval 𝑇 = 0.75 s, and luminance of the inter-trial 𝐼 =0. 𝐼 _  is the mean luminance 
of OFF edges and 𝐼 _  is the mean luminance of the backgrounds specific to the experiments. Contrast 
of each edge apparent to the LMCs 𝐶  was calculated as  

 

where 𝐼  and 𝐼  are the background and edge luminances, respectively, specific to each 
edge.  

L2 responses to the apparent contrast were calculated using a model we designed based on (Laughlin 
et al. 1987). We allowed parameters to be flexible to adjust for the specific properties of Drosophila 
melanogaster as compared to Calliphora vicina (Figure M1A). As described in (Laughlin et al. 1987), the 
L2 response can be fit with a sigmoidal function of contrast, of which the gain 𝑘 can also be fit using a 
sigmoidal function of 𝑙𝑜𝑔𝐼. Thus, L2 response to any contrast 𝐶 was formulated as: 

𝐿2 =
1

1 + exp (𝑘𝐶)
− 0.5,         𝑘 =  

𝑎
1 + exp (−𝑏(𝑙𝑜𝑔𝐼 − 𝑙𝑜𝑔𝐼0))

. 

We adjusted the parameters of the L2 model in order to optimize the performance of the entire 
luminance-contrast integration model. In the end, the optimized parameters were 𝑎 = 3.5723, 𝑏 =
1.423, and log 𝐼0 = 4.505. Example contrast vs response curves calculated with these fits (Figure M1B) 
are comparable to the measured curves in (Laughlin et al 1987). 

 

          

Figure M1: Modelling L2 responses. (A) Sigmoidal fit to the response per unit contrast vs 
log(luminance); data from Laughlin et al 1987 (blue dots and red fit) and the fit adjusted for 

A B 
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Drosophila melanogaster (black curve). (B) response vs contrast curves calculated for different 
adapting intensities using the adjusted 𝑘 values. 

3. Modelling the luminance-based dichotomy 

The dichotomy in the L3 contribution was modelled as a sigmoidal function of luminance 𝑓(𝐼) 
formulated as 

𝑓(𝐼) =  
1

1 + exp (−𝑘 (𝐼/𝐼 − 1))
. 

We always use 𝑘 = 1.0 and 𝐼 = 103 were used. 
 

4. Model trained on the uniform-contrast datasets 

Based on the dichotomy, the model (equation 2) was written as 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  

where different colors indicate multiple sources of information that contribute to the turn. The green 
color corresponds to L2-driven i.e. L3 silenced behavior, the blue color represents terms with 
background luminance (L3) contribution, and the black color represents the inhibition from the edge 
luminance. Thus, the blue and black terms contributed to control behavior only, where L3 was 
functional. 

The model was trained on the uniform-contrast datasets. Parameter estimates obtained by fitting 
are shown in the Table S1. Overall fit accuracy was 𝑅2 = 0.882, 𝑝 = 7.38 × 10 64. Dataset-wise 
accuracies were: 𝑅2 = 0.871 (-50% uniform-contrast set), 𝑅2 = 0.853,(-80% uniform-contrast set) 
and 𝑅2 = 0.864 (-100% uniform-contrast set). 

We then used this model to predict responses to the mixed-contrast stimuli, which gave a 
performance of 𝑅2 = 0.848.  

5. Model trained on mixed-contrast dataset 

The same model (equation 2) was trained on mixed-contrast dataset and validated on the uniform-
contrast datasets. 

Parameter estimates obtained by fitting are shown in the Table S2. Fit accuracy was 𝑅2 = 0.971, 𝑝 =
6.07 × 10 3 . When predicting responses to uniform contrasts datasets, the model performed with 
overall accuracy 𝑅2 = 0.748 (50% contrast - 𝑅2 = 0.783, 80% contrast - 𝑅2 = 0.658, 100% - 
contrast 𝑅2 = 0.691). 

6. Model fit on both datasets (uniform-contrast and mixed-contrast data) 

To account for the contrast sensitization effects, we further revised the model, for which we needed 
to find which term of equation 2 is influenced by this sensitization effect. Thus, we added a group of 
dummy variables which directly corresponded to the variables in equation 2. The terms associated 
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with the dummy variables only contributed to the mixed-contrast data. The new model was given 
by 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  

+𝑎0′ + 𝑎1′𝐿2 + 𝑎2′ + 𝑎3′(1 − 𝑏0′𝐿2)𝑓(𝐼) + 𝑎4′ 1 − 𝑓(𝐼) log𝐼 − 𝑎5′log𝐼 tanh𝐼 …………(2.1) 

Fitting performance was 𝑅2 = 0.905, 𝑝 = 8.66 × 10 3. Parameter estimates are in Table S3. 

We then retained only the dummy variables with p < 0.5. The only significant variable was 𝑎1′, which 
is the coefficient of L2-only term. This suggested that the L2-only term was significantly influenced 
when there were multiple Weber contrasts in the experiment. When the other dummy variables 
were removed, we obtained the following equation 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼 +
𝑎1𝐿2......................................................................................................................................... (2.2) 

This model accounted for most (72.3%) of the difference of RSS (residual sum of squares) between 
the model with all dummy variables and the one without dummy variables. 

We hypothesized that the mixed contrasts play a role of sensitization. Since the flies are exposed to 
multiple Weber contrasts randomly, they become more sensitive to contrasts, which corresponds to 
a larger L2 term in the model. To represent this hypothesis, we rewrote the model as 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  

 + 𝑘 𝑎1𝐿2. 

The last term was only functional when responses with mixed contrasts were predicted. The value 
of 𝑘  was optimized before fitting other coefficients. The optimization was done by maximizing 
the 𝑅2 of the final model. 

We also included the dummy variables to check if this additional coefficient 𝑘  captured the 
main difference between the uniform contrasts dataset and the mixed contrasts dataset. With 
dummy variables, the equation was as follows. 

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  

 + 𝑘 𝑎1𝐿2 + 𝑎0′ + 𝑎1′𝐿2 + 𝑎2′ + 𝑎3′(1 − 𝑏0′𝐿2)𝑓(𝐼) + 𝑎4′ 1 − 𝑓(𝐼) log𝐼 −
𝑎5′log𝐼 tanh𝐼 . 

The results are shown in the tables S4. No dummy variables were significant. Also, there was no 
significant difference between the performances of these two models, with and without dummy 
variables (F-test, p = 0.06), which confirmed that the difference between the uniform contrasts 
response and the mixed contrasts response was mainly an additional coefficient of the L2 response. 
With fitting procedure, this coefficient was found as 𝑘 = 0.17. Model performance without 
dummy variables was 𝑅2 = 0.899, 𝑝 = 4.46 × 10 . 

7. Revised model fit on uniform contrasts data 
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Enlightened by the above analysis, we repeated the fitting procedure with the revised model given 
as  

𝑇𝑢𝑟𝑛 = 𝑎0 + 𝑎1𝐿2 + 𝑎2 + 𝑎3(1 − 𝑏0𝐿2)𝑓(𝐼) + 𝑎4 1 − 𝑓(𝐼) log𝐼 − 𝑎5log𝐼 tanh𝐼  

 + 𝑘 𝑎1𝐿2. 

The model was fit to the uniform-contrasts datasets and validated on the mixed-contrast dataset. 
Prediction improved significantly from 𝑅2 = 0.848 to 𝑅2 = 0.925 (p = 1.61e-9, F-test). 

 

Supplemental Information 
 
1. Supplemental figures 
 

 
Figure S1: L2 responses to a range of contrast across different adapting luminances.  (A) L2 calcium response time traces 
in the luminance regimes ND 0 (the brightest), ND 1.2, ND 1.8 and ND 2.4 (the dimmest). Gray shades represent contrasts. 
Black trace represents stimulus. (B) L2 plateau responses quantified over the last second of the 30s epochs, plotted against 
log(luminance), in five luminance regimes. Dashed lines represent the peak responses as in Figure 1E, replotted for 
comparison. (C) Example exponential fits to mean OFF step response traces in the luminance regime ND 0.6 Sample size is 
n=10 (136), #flies (#ROIs). Traces and plots in A and B show mean ± SEM. 
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Figure S2: At -50% contrast, responses of L3 silenced flies underestimates stimuli in low luminance regimes and 
overestimates them in the bright regimes.  Time traces and peak turning velocities of control and L3-silenced flies to the 
uniform-contrast stimuli at -50% contrast. The columns represent three of the five edges (the dimmest, intermediate and 
the brightest) shown in each regime. Rows correspond to five different adaptation states, generated by ND filters. Sample 
size in N=10 per plot. Traces and plots in show mean ± SEM. 
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Figure S3: At -80% contrast, responses of L3 silenced flies underestimates stimuli in low luminance regimes and 
overestimates them in the bright regimes.  Time traces and peak turning velocities of control and L3-silenced flies to the 
uniform-contrast stimuli at -80% contrast. The columns represent the three edges shown in each regime. Rows 
correspond to five different adaptation states, generated by ND filters. Sample size in N=10 per plot. Traces and plots in 
show mean ± SEM. 
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Figure S4: Model trained on mixed-contrast dataset predicts responses to uniform contrasts with high accuracy. (A) 
Behavior of control and L3-silenced flies in response to -80% contrast stimuli as predicted by the revised model (eqution 
2). (B) The corresponding observed behavioral responses are shown for comparison. (C) The model including edge 
inhibition (equation 2) was trained on responses to the mixed-contrast stimuli and validated on responses to the 
uniform-contrast stimuli. Predicted vs observed responses are plotted separately for the training set (left) and the test 
set (right). Prediction accuracies are represented by the R-squared values. Dashed lines are unity lines. 

 

2. Supplemental tables 

Table S1: Model (2) fit on the uniform-contrast data – parameter estimates 

Coefficient Estimate SE p-Value 

𝒂𝟎 -0.782 0.045 4e-37 

𝒂𝟏 1.508 0.059 1e-55 

𝒂𝟐 -0.704 0.132 4e-7 

𝒂𝟑 1.806 0.151 3e-23 

𝒂𝟑𝒃𝟎 1.161 0.125 2e-16 

𝒂𝟒 0.399 0.058 2e-10 

𝒂𝟓 0.093 0.006 2e-34 
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Table S2: Model (2) fit on the mixed-contrast data – parameter estimates 

Coefficient Estimate SE p-Value 

𝒂𝟎 -0.997 0.038 4e-32 

𝒂𝟏 1.857 0.048 2e-40 

𝒂𝟐 -0.719 0.113 5e-8 

𝒂𝟑 1.602 0.146 3e-15 

𝒂𝟑𝒃𝟎 1.024 0.147 5e-9 

𝒂𝟒 0.486 0.053 2e-12 

𝒂𝟓 0.090 0.020 4e-5 

 

Table S3: Model (2.1) fit on all datasets together (uniform-contrast and mixed-contrast sets) – 
parameter estimates. 

Coefficient Estimate SE p-Value 

𝒂𝟎 -0.028 0.017 0.093 

𝒂𝟏 1.508 0.054 4e-70 

𝒂𝟐 -0.704 0.122 3e-08 

𝒂𝟑 1.225 0.120 8e-20 

𝒂𝟑𝒃𝟎 1.161 0.116 2e-19 

𝒂𝟒 0.399 0.053 3e-12 

𝒂𝟓 0.093 0.005 2e-42 

𝒂𝟎′ -0.011 0.030 0.727 

𝒂𝟏′ 0.411 0.100 6e-05 

𝒂𝟐′ -0.079 0.225 0.727 

𝒂𝟑′ 0.027 0.252 0.915 

𝒂𝟑′𝒃𝟎′ 0.016 0.250 0.950 

𝒂𝟒′ 0.095 0.102 0.355 

𝒂𝟓′ 0.003 0.034 0.934 
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Table S4: Model (3) fit on on all datasets together (uniform-contrast and mixed-contrast sets) – 
parameter estimates. 

Coefficient Estimate SE p-Value 

𝒂𝟎 -0.031 0.014 0.026 

𝒂𝟏 1.550 0.044 4e-89 

𝒂𝟐 -0.721 0.104 5e-11 

𝒂𝟑 1.219 0.103 6e-25 

𝒂𝟑𝒃𝟎 1.155 0.100 5e-24 

𝒂𝟒 0.425 0.046 2e-17 

𝒂𝟓 0.096 0.005 8e-49 
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General discussion  

Objects reflect different amounts of light under different illumination, but our eyes and brain have to 
interpret these light signals as coming from the same objects. The influence of changing illumination is 
counteracted by a luminance gain. The ideal case of luminance gain control from the perspective of 
object recognition is to attain luminance-invariant contrast sensitivity. Whereas photoreceptors 
control their gain to remain sensitive to input changes across illumination levels, they and the first-
order interneurons do not achieve luminance invariance to an extent that their contrast sensitivity 
alone can support perceptual constancy. If guided by peripheral contrast computation, perception and 
behavior would deviate from constancy, especially when self-motion imposes a challenge of adapting 
the sensitivity quickly. This thesis investigates strategies of the first-order interneurons in the fly eye – 
the LMCs – to enable appropriate contrast computation in the downstream circuitry. LMCs acquire 
physiological specializations to segregate photoreceptor signals into distinct features, luminance and 
contrast. In Manuscript 2, I showed that both features, or rather their differently filtered, linear and 
non-linear transformations, are relayed to both ON and OFF pathways. Manuscripts 1 and 3 show that 
within the OFF pathway, the features interact to achieve a contrast-constant estimate useful to guide 
behavior. Manuscript 1 uncovers the specific role of luminance information in enhancing contextual 
dim cues, when poorly adjusted LMC gain underestimates the cues. Manuscript 3 demonstrates how 
the corrective role of luminance signals generalizes across contrasts and luminances, as well as fast and 
slow timescales. LMCs fail to both enhance and reduce gain at fast timescales, and consequently 
underestimate cues of high behavioral relevance (i.e. high contrast) and overestimate cues of lower 
relevance. Luminance signals enable a two-way gain correction to correct for these deviations from 
contrast constancy. In very dim conditions, the same luminance-sensitive pathway enhances detection 
of stimuli. In sum, we found that the LMCs do not aim to achieve a behaviorally relevant contrast 
sensitivity themselves but adopt information processing strategies to enable accurate contrast 
estimation in the downstream circuitry. 

In the following sections, I will discuss how our findings add to the wealth of knowledge about visual 
strategies in both flies and vertebrate retina. First, I will discuss a common role of luminance signals in 
establishing perceptual constancy – the goal of luminance gain control I so far focused on. I will next 
discuss how the fly LMC strategy, namely feature diversification downstream of receptors, generalizes 
across species as well as sensory modalities. Following that, I will elucidate how ON and OFF pathways 
compare in terms of how they guide behavior and how they employ luminance signals for gain 
correction. Finally, I will elaborate on how the post-LMC gain control described in this study relates to 
the diversity of known post-receptor gain control mechanisms.  

1. Universal role of luminance signals in visual constancy 

As argued early on, luminance difference rather than mere luminance provides useful information for 
image processing. Also, from a predictive coding perspective, steady background luminance signals are 
redundant. They mostly correlate with illuminant properties, and tell little about object properties such 
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as reflectances. Contrast on the other hand correlates with reflectances, when computed in a 
luminance-invariant manner. In line with this, fly LMCs were thought to capture predominantly 
contrast-sensitive signals from photoreceptors, and reduce transmission of the sustained steady-state 
receptor signal (Laughlin, 1989). Such predictive coding strategy would ensure that contrast signals are 
relayed with greater coding capacity offered by the neurons’ full operating range (Laughlin, 1981; 
Srinivasan et al., 1982).  Purely contrast-sensitive neurons like L2 indeed discard luminance 
information, and do not show a luminance-dependent baseline. Among processes that confer this 
property to L2, lateral inhibition enables subtraction of spatially redundant luminance information 
from L2 responses (Freifeld et al., 2013a; Laughlin and Osorio, 1989; Mimura, 1974). However, 
subtraction of temporally redundant information relies mostly on the neuron’s temporal filtering 
properties. When considerably long luminance history shapes gain control, contrast computation 
cannot achieve invariance with regard to rapidly changing luminance.  Our data show that LMC 
transient signals are not fully luminance invariant, in both slowly and rapidly changing environments, 
and thus luminance information can no longer be considered redundant. In fact, luminance signals are 
required as a reference for downstream contrast correction. L3 and also L1 neurons relay luminance 
signals in parallel to contrast signals and help achieve contrast constancy at a proximal processing site. 
Sustained luminance-sensitive signals are found at various stages of vertebrate visual processing, 
including bipolar cells (Awatramani and Slaughter, 2000; Ichinose and Hellmer, 2016; Oesch and 
Diamond, 2011; Werblin, 1974), horizontal cells (Werblin, 1974), RGCs (Baden et al., 2020; Ikeda and 
Wright, 1972) and even V1 neurons (Huang and Paradiso, 2008). Sustained signals in the rod bipolar 
cells are thought to enter the cone pathway via AII amacrine cells, where they can enable contrast 
computation in scotopic condition, thus potentially enhancing dim light vision (Oesch and Diamond, 
2011). Sustained and transient RGCs are thought to convey spatial contrast and orientation/motion 
features, respectively (Ikeda and Wright, 1972). However, behavioral relevance of these associations 
is unknown. Given that the cellular and environmental constraints are common for all peripheral visual 
systems, and that post-receptor luminance gain controls exist in vertebrate systems as well (Dunn et 
al., 2007; Rieke and Rudd, 2009a), luminance information may shape stable contrast computation in 
vertebrate visual systems too. 

Luminance signals potentially correct deficits in contrast computation in both spatial and temporal 
domains. As columnar neurons that directly communicate with downstream columnar neurons, both 
L1 and L3 can influence downstream localized contrast processing with their differentially filtered 
luminance input. On the other hand, availability of luminance information past photoreceptors allows 
another instance of lateral inhibition which, unlike at the photoreceptor-LMC synapse, can benefit from 
luminance integrated over a larger area by means of wide-field neurons. However, even the signals 
serving as substrate for spatial integration evolve over time, making it less likely that lateral inhibition 
will fully account for the gain correction in dynamic conditions. I speculate that the spatial integration 
processes mainly compensate the deficits in LMC contrast coding observed at slowly changing 
conditions, whereas the additional gain control challenges posed by dynamic conditions are further 
tackled by local interactions of luminance- and contrast- sensitive components downstream of LMCs.  
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We showed that luminance information is necessary for constant perception of both ON and OFF 
contrasts, and that encoding of both contrast polarities in LMCs is similarly challenged by rapid 
luminance changes. Surprisingly, in bigger flies, luminance increments were linked to comparatively 
faster timescales of LMC adaptation than the ones observed with luminance decrements (Laughlin and 
Hardie, 1978). Also, ON RGCs are more likely to encode luminance-invariant contrast than OFF RGCs, 
under similar conditions (Idrees and Münch, 2020). However, contrast-sensitive LMCs L1 and L2 in 
Drosophila exhibit linear response properties with respect to contrast (Clark et al., 2011a), supporting 
the predominantly symmetrical ON-OFF contrast computation apparent in our data, and a common 
luminance-dependent mechanism tackles the challenges faced by the two pathways. Interestingly, this 
implies luminance encoding too has to work symmetrically. L3 encodes absolute luminance at least 
over a few orders of luminance, satisfying this requirement. L1 luminance signals also appear 
symmetrical in response to the staircase stimulus, however if L1 encodes absolute luminance remains 
to be determined.  

Interestingly, color contrast also needs to be perceived stably to be a useful cue under varying 
illumination. Like achromatic vision, color vision was thought to be discounting illuminant information 
through chromatic receptor adaptation, commonly referred to as Von Kries adaptation after (von Kries, 
1905). However, some of the underlying adaptation mechanisms are also slow and cannot explain how 
we exhibit color constancy almost instantaneously with the illumination change (Chittka et al., 2014; 
Lotto and Chittka, 2005). In addition, information about the illuminant spectrum in natural scenes is 
useful in many ways, for e.g. to recognize time of the day, and animals including us are aware of this 
information. Studies of bumblebee color vision reveal compelling evidence that the illuminant 
information is retained in the brain and even used as a contextual cue towards achieving color 
constancy (Dyer, 2006; Lotto and Chittka, 2005). Bees prominently rely on color cues to identify flower 
species, and also exhibit color-constant behavior immediately after a switch in illuminant (Neumeyer, 
1981), in line with evidences that several post-receptor mechanisms contribute to establishing color 
constancy (Chittka et al., 2014). Together, this suggests involvement of luminance-sensitive neurons in 
achieving color constancy, besides contrast constancy. L3 makes a promising candidate to relay 
luminance information to the chromatic pathway is Drosophila, since it innervates Tm9 and Tm5 
neurons where it interacts with R8 and R7 output – photoreceptors of the chromatic pathway (Gao et 
al., 2008; Takemura et al., 2013a). Besides, a multi-columnar neuron Dm9 integrates inputs from L3 
and R7, R8 (Heath et al 2020). L3 also itself receives input from R8, and synapses with Tm20 neurons, 
thus multiple interactions with chromatic channels are possible (Gao et al., 2008; Lin et al., 2016; 
Melnattur et al., 2014; Takemura et al., 2013a). Color contrast guides Drosophila behavior, and color 
discrimination is important not only for phototaxis but also for mating choices (Fischbach, 1979; Gao 
et al., 2008; Katayama et al., 2014; Schnaitmann et al., 2020), suggesting color constancy is behaviorally 
useful. Recent advances uncovering elaborate color processing circuitry in Drosophila can be combined 
with behavioral assays (Heath et al., 2020; Pagni et al., 2021; Schnaitmann et al., 2018), to explore the 
role of luminance-sensitive neurons in insect color constancy. 
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2. Diversification of features downstream of receptors – common sensory principle 

2.1 Diversification of luminance and contrast in the fly LMCs 

Three LMC classes in Drosophila filter the same photoreceptor input differently (Figure 4). The 
achromatic photoreceptors R1-R6 encode both contrast and luminance. L1 acquires an amplified 
contrast signal and also retains a luminance-sensitive baseline, whereas L2 acquires a similarly 
amplified contrast component alone. L3 conspicuously retains luminance information, although it does 
not fully discard contrast information (Ketkar et al., 2020). L3 non-linearly amplifies low luminances 
unlike L1, arguing that these two neurons in fact encode two different features in their baseline (Figure 
4C, D). As discussed in Manuscript 3, the two luminance features are of distinct behavioral relevance. 
Below I consider how contrast encoded by different LMC classes could also correspond to different 
features, unlike the current view. 

We relate L1’s different luminance sensitivity to the coexisting contrast sensitivity, in that only a 
fraction of its operating range can be used for luminance coding. Likewise, L1 also allocates only a part 
of its operating range for contrast coding, and thus may differ from L2. Given the high-gain 
photoreceptor-LMC synapse, L1 may not be able to capture the entire range of photoreceptor 
responses, or the synaptic amplification would be smaller than L2 (Laughlin, 1989). In bigger flies, 
where the LMCs were earlier characterized, contrast encoding between L1 and L2 is not reliably 
compared without cell-type specific access (Juusola et al., 1995; Laughlin et al., 1987). Thus, how L1 
contrast sensitivity compares with that of the photoreceptors on the one hand and L2 on the other 
hand remains to be explicitly tested. Nevertheless, L1 and L2 function is differently required for motion 
detection in different contrast ranges (Rister et al., 2007), further supporting the idea of differential 
contrast coding in L1 and L2.  
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Figure 4: Drosophila LMCs specialize in the extraction of luminance and contrast features. (A) LMCs L1, L2 and L3 
photoreceptors receive the same photoreceptor input (red), which contains contrast as well as luminance signals. Contrast 
sensitivity increases with luminance for a certain range of luminance, giving steeper contrast-response curves with increasing 
luminance (darker shade corresponds to higher background luminance). Luminance signals vary linearly over some orders of 
luminance (before they attain a fixed value). (B) L1 captures inverted versions of both contrast and luminance signals (orange). 
Contrast signals are amplified presumably with a uniform gain across luminance, and luminance encoding is predominantly 
linear. If a neuron downstream of L1 computes contrast from the luminance signals, it will thus be proportional to a linear L1 
response difference. (C) L2 captures contrast signals in an inverted and amplified manner (purple), similar to L1. The constant 
baseline does not encode any luminance. (D) L3 has small contrast-sensitive components that potentially match 
photoreceptor contrast components, however it encodes mainly luminance (green). Low luminances elicit non-linearly high 
responses. If a post-synaptic neuron computes contrast from the L3 luminance signals, it will be proportional to the non-linear 
L3 response difference. Thus, resolution of contrasts in low luminance computed downstream of L3 would be fundamentally 
different from L3’s own contrast sensitivity. 

Does L3 also contribute to contrast diversification? We observed that L3 is sufficient for behavior in 
both the ON and OFF pathways. Since contrast is the most basic visual cue, the L3 pathway must 
compute contrast (Manuscript 2,(Ketkar et al., 2020)). This can happen within L3 or in a downstream 
neuron. L3 responses themselves comprise a fast transient component, which is often indiscernible in 
calcium signals due to their slow dynamics, but certainly visible in voltage recordings (Hardie and 
Weckström, 1990; Juusola et al., 1995). We also could see transient components in L3 response when 
using the genetically encoded voltage indicator ASAP2, arguing that L3 itself can relay contrast signals 
(Ketkar et al., 2020) that are less amplified than L1 and L2. However, we hypothesize a neuron 
downstream of L3 to derive a clearer and stronger contrast signal by means of its own temporal 
filtering, rather than merely inheriting the L3 contrast signals. For one, purely L3-driven behavior seems 
to mirror the luminance-coding L3 properties, such that the particularly dim stimuli are non-linearly 
amplified. This can be achieved when a downstream neuron is sensitive to the changes in L3 baseline 
(Figure 4D). Secondly, amplification of contrast signals at the photoreceptor-LMCs synapse is constant 
across luminances (Laughlin et al., 1987). If this also applied to the photoreceptor-L3 synapse, L3 would 
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encode stimuli as a sigmoidal function of luminance, thus encoding extreme luminances with reduced 
sensitivity, contradicting the high sensitivity for dim stimuli observed in behavior. These evidences 
together support our hypothesis that contrast signals in L3 pathway, supporting behavior, emerge 
downstream of L3. Most prominent post-synaptic partners of L3 in both ON and OFF pathways – Mi9 
and Tm9 – are rather sustained, and their contrast-coding properties remain to be systematically 
explored. Nevertheless, contrast signals in the L3 pathway still result from the diversity of temporal 
filtering properties downstream of photoreceptors, while also providing behavioral evidence that such 
diversification is beneficial. 

2.2 Diversification in other visual systems and modalities 

Like Dipteran LMCs, first-order interneurons of many other insects have been described to differ in 
their filtering properties. For example, bumblebee LMCs show different transient and sustained 
characteristics (Rusanen and Weckström, 2016). Butterfly LMCs have spiking and non-spiking types, 
with the spiking types changing their coding strategy with light intensity (Rusanen et al., 2018). 
Importantly, bipolar cells –  the first-order interneurons in vertebrate retina – show exceptional 
diversity of spatial and temporal filtering properties (Baden et al., 2013; Euler and Masland, 2000; Euler 
et al., 2014a; Schreyer and Gollisch, 2021). Rod bipolar cells show sustained characteristics but also a 
transient component, whereas cone bipolar cells have both transient and sustained classes, and the 
transient cells have different adaptation time constants and tonic-to-phasic ratios (Awatramani and 
Slaughter, 2000; Euler and Masland, 2000; Ichinose and Hellmer, 2016; Ichinose et al., 2014; Odermatt 
et al., 2012; Oesch and Diamond, 2011). Moreover, some bipolar cells can have nonlinear synapses 
that can increase the dynamic range for encoding luminance past phototransduction (Odermatt et al., 
2012). Thus, many parallels exist between the diversification of coding strategies between first order 
visual interneurons in vertebrates and invertebrates. The bipolar cell diversity is known to shape 
temporal diversity in RGCs, and as a result, RGC types can perform a diverse array of highly complex 
tasks including motion discrimination and motion prediction (Gollisch and Meister, 2010). However, 
the impact of the diverse RGC functions on behavior is not explicitly tested. 

A straightforward advantage of diversified temporal filtering is to achieve differential temporal 
frequency (TF) tuning and speed tuning in the downstream circuitry. Neurons with different temporal 
filter properties are essential to implement motion detection algorithms, and speed tuning models rely 
on differently TF-tuned motion detectors (Arenz et al., 2017; Behnia et al., 2014a; Creamer et al., 2018). 
These aspects of visual processing are well-studied in fruit flies, and the behaviorally relevant temporal 
properties were observed in second-order interneurons presynaptic to the elementary motion 
detectors of the fly eye – T4/T5 cells (Arenz et al., 2017; Serbe et al., 2016; Strother et al., 2017). We 
now show that a diversity of temporal filtering properties already emerges at the first-order 
interneurons – LMCs, and the different LMC properties translate to behavior many synapses 
downstream of LMCs.  

Interestingly, most other sensory modalities also need to differentially filter receptor input to extract 
distinct temporal information. Local interneurons of the Drosophila antennal lobe specialize to detect 
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rapid and slow fluctuations in olfactory input (Nagel and Wilson, 2016). Mechanosensory neurons with 
different temporal properties in the Drosophila Johnston’s organ detect vibration and deflection of 
antennae (Kamikouchi et al., 2009). Also, Drosophila proprioception encodes joint movement and 
position with phasic and tonic responses, respectively (Mamiya et al., 2018). Lastly, recognition of 
conspecific in many insect species relies on detection of temporal patterns in calling songs (Ai et al., 
2018; Clemens and Hennig, 2020). Thus, differential temporal filtering at a peripheral processing stage 
is fundamental to the function of many sensory systems. 

3. Parallels and differences between ON and OFF pathways 

Both ON and OFF motion-guided behaviors are nearly contrast constant, whereas the principal 
contrast-sensitive inputs to both pathways, i.e. L1 and L2, scale their contrast responses with 
contextual luminance. In line with this, both ON and OFF pathways require luminance signals to guide 
contrast-constant behavior. Despite these similarities, the two pathways are not exactly mirror-
symmetric.  

First, the residual luminance dependence seen in wild-type behavior shows opposite trends in the two 
pathways: responses to -100% contrast stimuli vary slightly positively with contextual luminance, 
whereas responses to +100% contrast stimuli vary negatively with contextual luminance. Thus, ON and 
OFF contrasts of the same strength do not have comparable behavioral relevance when matched 
across luminances. In this regard, the ON stimuli rather resemble low-contrast OFF stimuli. These two 
stimulus settings further resemble in terms of an inhibitory contribution from L3. We attribute these 
striking similarities between dissimilar ON and OFF contrasts to their edge luminances. Both low-
contrast moving OFF edges as well as ON edges with any contrast vary in luminance. L3 inhibition based 
on edge luminance thus seems a general principle across pathways. 

Why would any behavioral response scale inversely with luminance? In our behavioral assay comprising 
single moving OFF edges, the responses may include a phototactic component in addition to the 
motion-driven i.e. optomotor component. Flies generally show positive phototaxis, however the choice 
is a complex function of light intensity (Fischbach, 1979; Jacob et al., 1977). When using wavelengths 
similar to those in our stimuli, the light source attracts flies progressively more with increasing light 
intensity, but very high intensities are less attractive or even repulsive. Our OFF stimuli with low 
contrast may offer a phototactic choice wherein bright edge luminances are more attractive than their 
brighter backgrounds, and the resulting phototactic direction is opposite to the optomotor direction. 
On the other hand, our ON edge stimuli comprise multiple edges and offer little scope for phototactic 
influence. We speculate that the negative luminance correlation of ON responses is due to luminance-
dependent startle, however, this hypothesis needs further verification. Nevertheless, traits such as 
phototaxis underline the differential behavioral relevance of ON and OFF contrasts, reflected in their 
different circuit architectures and physiology. 

We found that both L1 and L3 luminance signals are required in both ON and OFF pathways. Among 
them, L3 has a conserved function in both pathways, in that L3 signaling always enhances responses to 
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stimuli in contextual dim light. However, as a second instance of asymmetry, the extent to which the 
L1 and L3 signals contribute to constancy differs across ON and OFF pathways. ON edge-driven 
behavior can still handle the challenges of dynamic conditions, if one of the two luminance inputs are 
blocked. Only when both L1 and L3 are blocked, the flies underestimate contextual dim edges. In 
contrast, the OFF pathway requires both L1 and L3 signals for contrast constancy, individually. 
Interestingly, a different number of circuit components relay the two luminance inputs, separately and 
in combination, in the two pathways (Figure 5). In the ON pathway, Mi9 relays L3 input, Mi1 integrates 
L1 and L3 inputs, whereas many neurons including Tm3 and L5 are postsynaptic to only L1 (Shinomiya 
et al., 2019; Strother et al., 2017; Takemura et al., 2013a). In the OFF pathway, Tm9 neurons integrate 
L1 and L3 signals, and L1 contributes through yet another indirect channel (Fisher et al., 2015b)(Fisher 
et al 2015). However, a channel relaying excitatory L3 contribution alone is not known, and thus L3 
may only act via Tm9 in an L1-dependent way. Whether L1 is also required for gain reduction in the 
OFF pathway, like L3, remains to be explored. 

 

Figure 5: Luminance information from L1 and L3 is conveyed to both ON and OFF motion-sensitive neurons.   Downstream 
of the photoreceptors R1-R6, L1 and L3 capture luminance information differently. L1 luminance signals can reach the ON 
motion-sensitive T4 cells via multiple channels, including L5Æ Mi4 channel, Tm3, Mi1, C3. Among these, Mi1 and C3 integrate 
L3 luminance signals as well, and L3 signals are separately conveyed by Mi9 neurons. In the OFF pathway, only Tm9 is known 
to convey direct L3 signals to the OFF motion-sensitive T5 neurons. Tm9 neurons also indirectly receive L1 luminance input, 
and L1 is known to communicate with T5 via yet unknown connections. Certain neurons post-synaptic to L3, including Tm20, 
convey luminance information to the color pathway, too. 

4. Post-receptor luminance gain control across invertebrates and vertebrates 

Our data reveal the requirement of post-receptor gain control in flies, and the LMC signals containing 
the information for these gain control operations. The exact location where the gain control leading to 
contrast constancy happens remains to be explored. However, diverse gain control processes at many 
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processing stages have been studied in different species, including several vertebrate species. For 
example, gain control is evident at every retinal stage including photoreceptors, horizontal cells, 
bipolar cells, amacrine cells and RGCs, and even in LGN and V1 neurons (Alitto et al., 2019; Carandini 
et al., 1997; Schwartz and Rieke, 2013; Shapley and Enroth-Cugell, 1984).. Seldom are the post-receptor 
stages linked to visual constancy, with few exceptions including (MacEvoy and Paradiso, 2001). 
However, their contribution to luminance gain control is well-accepted, especially to improve signal 
processing reliability. Peripheral luminance gain control in dim light is especially risky, in that it can 
result in detection and subsequent amplification of spurious signals embedded in high levels of noise 
(Rieke and Rudd, 2009a). In such case, rapid gain control rather emerges at a later retinal stage where 
a low-noise signal is available due to increased spatial summation (Dunn et al., 2007). As we noted in 
Manuscript 3, Drosophila contrast processing also generally needs corrective amplification in dim 
conditions, and in rapidly changing conditions, and hence the post-receptor gain control we proposed 
has shared function with that observed in vertebrates. However, the corrective gain control in 
Drosophila is required also in contextual and absolute bright light, where noise is less likely to be a 
limiting factor for the peripheral processing stages. Why is a post-receptor site beneficial for gain 
control over a broad range of conditions, and why is such generalized limitation of peripheral gain 
control not observed in other visual systems? While these questions have to be separately and 
extensively addressed, we first speculate that specifically addressing contrast constancy instead of 
sensitivity thresholds may have revealed further limitations of the peripheral processing stage. 
Secondly, it is possible that calcium imaging revealed different temporal properties than 
electrophysiology that was widely employed in earlier studies concerning peripheral adaptation, since 
the two recording techniques have distinct biases (Ali and Kwan, 2020; Siegle et al., 2021; Wei et al., 
2020b). Lastly, we propose that a conspicuous limitation of the fly visual periphery was evident solely 
because behavior could be causally linked to the function of neurons, through genetic access to specific 
cell types. Linking neuronal function to behavior in other model systems is usually done by 
independently measuring physiology and behavior, which unavoidably require different experimental 
conditions. Therefore, similar peripheral mechanisms might be in place in other species, but could have 
been overlooked due to the methodological limitations. Our study, in addition to examining physiology 
and behavior under identical stimulus conditions, also establishes a causal connection between the 
two with genetic silencing experiments. Thus, the study highlights unique advantages of the Drosophila 
genetic toolkit available to dissect a versatile visual circuitry. 

Importantly, some of the post-receptor gain controls are linked to contrast adaptation, another 
important mechanism that enables optimal use of neuronal operating range to encode prevailing 
variance in luminance (Carandini and Heeger, 2012; Laughlin, 1981). Multiple bipolar and RGC types in 
vertebrates as well as certain second-order interneurons in Drosophila vision implement contrast gain 
control (Brown and Masland, 2001; Drews et al., 2020; Garvert and Gollisch, 2013; Khani and Gollisch, 
2017; Matulis et al., 2020a), and adaptation to contrast is considered an efficient coding strategy 
(Laughlin, 1981; Yedutenko et al., 2021). Does the corrective gain control proposed by our data coincide 
with contrast gain control? We think it is rather a distinct luminance gain control, for several reasons. 
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First, the corrective role of luminance led to constant behavioral responses to (Weber) contrast values, 
whether presented at different luminances or with different contrasts. Contrast adaptation instead 
changes behavioral relevance of contrast values, and thus leads to deviations from constancy (Webster 
and Mollon, 1995). Secondly, the luminance-sensitive L3 neurons or their post-synaptic partners are 
not strongly implicated in contrast adaptation, and circuit components underlying contrast and 
luminance gain are rather mutually exclusive (Matulis et al., 2020a)(Gür and Silies, unpublished). 
However, Mi1 neurons post-synaptic to L1 rapidly adapt to contrast, suggesting gain correction post L1 
may deal with contrast gain. Lastly, contrast and luminance statistics independently vary in visual 
scenes, and adaptation to them likely occurs in independent parallel channels (Frazor and Geisler, 
2006; Mante et al., 2005).  Together, we suggest that the gain correction mediated by L3 pathway at 
least is to compensate for the limitations of peripheral luminance gain control, and aims for contrast 
constancy in behavior. 
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Conclusions and outlook 

Sighted animals including humans live in a world with different reflecting surfaces. Brains can base 
visual identification of objects on their different reflecting properties if they accurately compute the 
feature representative of these properties - Weber (or Michelson) contrast. Estimating such luminance-
invariant contrast within the peripheral processing stages is not feasible due to cellular constraints, 
and furthermore, it may not be an optimal and reliable strategy in dynamic environments. However, 
the peripheral stages can ensure that the downstream processes have access to relevant information 
to compensate for the peripheral limitations. This thesis, investigating contrast computation in the 
peripheral visual system of Drosophila from a behavioral perspective, concludes that 

1. The photoreceptor and LMC gain is not optimally adjusted for contrast constancy in behavior, in 
both slowly and quickly changing conditions. However, LMCs adopt a strategy of preserving 
luminance information in parallel to contrast information, allowing additional luminance gain 
control in the downstream circuitry. 

2. The peripheral processing stages also split into ON and OFF pathways, and both pathways require 
luminance and contrast information for constancy in behavior. LMC classes individually specialize 
in segregating luminance and contrast features and relay them to both ON and OFF pathways 
emerging downstream. Two LMC classes in fact encode two distinct functions of luminance, 
reminiscent of the signal diversification strategy implemented by the first-order interneuron 
population in vertebrate retina. 

3. Post-LMC luminance gain control has to fulfill differential requirements of gain reduction and 
enhancement across luminance-contrast space as well as at fast and slow timescales. Each 
requirement is met by distinct processing of contrast and luminance signals, or their interaction. 
The circuitry downstream of LMCs likely hosts these operations in parallel streams, before the 
output of these parallel streams is combined to achieve a contrast-constant estimate useful for 
behavior. 

4. One of the post-LMC gain correction operations is aimed at enhancing dim light vision. The 
luminance-sensitive neurons L3 are physiologically suited to amplify dim stimuli, indicating a 
strategy of the insect brains to support vision across broad luminance range before the evolution 
of rod-cone bifurcation. 

5. Organizing rapid gain control mechanisms at post-receptor sites can be a conserved information 
processing strategy across visual systems, since these sites can provide a noise-free substrate past 
spatial summation stages for a more reliable gain control. 

The study opens up the possibility to acquire a detailed understanding of these strategies at biophysical 
and circuit levels, and across different species. 

Neural correlates of post-LMC gain correction in both OFF and ON pathways 

The visual system of Drosophila is thoroughly explored at the anatomical, cellular and circuit levels. 
Therefore, the system offers a promising opportunity to understand the location as well as the 
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molecular and circuit mechanisms underlying the post-LMC gain control operations discussed in this 
thesis. The algorithmic model in Manuscript 3 proposes a multi-channel circuit for the integration of 
luminance and contrast signals in the OFF pathway, where different channels process contrast, 
background luminance, edge luminance and contrast-luminance interaction (Figure 7). The model can 
guide an experimental search for the neural correlates of its component channels. Second-order 
interneurons upstream of the OFF motion-selective T5 neurons can constitute these parallel channels, 
and T5 neurons can integrate their output. Preliminary data in the Silies lab indeed support the idea 
that T5 neurons are contrast constant (Gür and Silies, unpublished), and this hypothesis should further 
be validated by testing the extent of contrast constancy as well as dim-light efficiency achieved at the 
level of T5 neurons. If T5 neurons occupy the niche of integrators, the computation in upstream 
interneurons can be matched with the distinct channels of the model. This can be done with both 
physiological and behavioral tests. For example, genetically blocking the output of a neuron type that 
relays information about edge luminance would abolish the post-receptor gain decrement at low 
contrasts, leading to overestimation of stimuli by behavioral responses as well as T5 calcium responses.  

Connectomics studies can further guide the hypotheses about the match between the second-order 
interneurons and the model components (Shinomiya et al., 2014b, 2019; Takemura et al., 2013b, 
2017b). Some hypotheses are already discussed in Manuscript 3. However, some indirect connections 
between the LMCs and second-order interneurons, not revealed by the connectomics approach, are 
important too. For example, L1 is an indirect upstream connection of Tm9 – a crucial T5 input (Fisher 
et al., 2015d), and we also showed that L1 function is required for contrast-constant OFF pathway 
behavior (Manuscript 2). Moreover, L1 has both contrast and luminance components in its response. 
Our model so far does not account for the nature of L1 contribution to the OFF-pathway gain control, 
neither does it estimate which of the contrast and luminance components are required. Determining 
the computational correlate of Tm9 may open up the possibility to pinpoint the physiological 
contribution of L1 in the OFF pathway. Nevertheless, further links of L1 to the OFF pathway, including 
the GABAergic C2 and C3 neurons, imply a more complex L1 involvement that can be unraveled only 
upon a detailed characterization of behavior in absence of L1 function. 

Coming to the ON pathway, a thorough characterization of behavior across luminance-contrast space 
is a prerequisite to capture all post-LMC gain control operations. However, the observed behavioral 
responses to 100% ON contrast revealed that both L1 and L3 pathways contribute contrast information 
that is individually sufficient, whereas their combined (potentially luminance) information regulates 
gain enhancement in contextual dim light (Manuscript 2). Furthermore, L3 individually contributes 
inhibitory signals to ON pathway. These findings together highlight computational similarities between 
the ON and OFF pathways, based on which a multi-channel integration of luminance and contrast 
signals can be hypothesized to occur downstream of LMCs. Assuming the ON motion-selective T4 
neurons integrate differently processed luminance/contrast information, analogous to the OFF-
pathway T5, the second-order interneurons presynaptic to T4 can be explored for their luminance-
contrast integrating functions. Among the candidate neurons, Mi1 receives input from both L1 and L3, 
and thus could mediate their combined excitatory contribution to behavior (Takemura et al., 2013b). 
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Mi9 is a postsynaptic partner of L3 and is inhibitory, making it a strong candidate for L3-mediated 
inhibition (Strother et al., 2017; Takemura et al., 2013b).  

Neural correlates of spatial pooling 

Spatial summation proposed to occur downstream of the LMCs is crucial for both amplification of very 
dim stimuli and rapid gain modulation in a noise-free environment. Moreover, we also speculate that 
L3’s functional dichotomy originates in the extent of spatial summation. Neural correlates of spatial 
summation can be searched within Dm neurons, as discussed in Manuscript 3. Whereas some Dm 
neuron types are likely to sample L3 output based on anatomical location of their dendrites, physiology 
of the postsynaptic partners of Dm neurons will validate our hypothesis that spatial pooling 
implements contrast correction. The postsynaptic connections of Dm neurons with T5 or its 
presynaptic partners can be explored, for example, through optogenetic activation of Dm neurons and 
physiological recordings of the postsynaptic candidate responses. Once the candidate Dm classes are 
narrowed down, it can further be tested if and how their summation extent is influenced by luminance. 

Although a greater extent of pooling results in less noise, pool size must be restricted to allow for an 
acceptable spatial resolution of gain control (Rieke and Rudd, 2009a). The acceptable level of resolution 
will ultimately depend on spatial luminance structure of natural scenes. This hypothesis can now be 
tested downstream of L3. The extent of spatial pooling can be evaluated using local stimulation of L3 
neurons from adjacent cartridges and simultaneously recording activity of Tm9. Pooling area thus 
determined can be compared with a theoretically obtained estimate of pooling area that optimally 
settles the tradeoff between spatial resolution and noise levels in natural scenes.  

If and how luminance values influence the extent of spatial pooling can be determined through a 
characterization of behavior against stimulus parameters such as size or spatial frequency coupled with 
luminance variations. Integration of moving stimuli over greater spatial extent has been observed at 
lower mean luminances, in the behavior of bigger fly species (Pick and Buchner, 1979). The same study 
predicted an influence of luminance on temporal summation too. In line with this, transience of both 
photoreceptor and LMC responses goes down with decreasing luminance, and thus the extent of 
temporal summation goes up (Laughlin, 1989; Laughlin and Hardie, 1978). This possibility too can be 
tested in Drosophila behavior, by varying exposure times of dim and bright stimuli.  

Generalized requirement of post-receptor gain control across insect species  

Since contrast-sensitive LMCs in different fly species show similar limitations in contrast coding 
(Laughlin and Hardie, 1978; Laughlin et al., 1987)(Manuscript 3), post-LMC gain correction is likely a 
generalized requirement across species. However, different species, even the closely related ones from 
the melanogaster subgroup may require a different nature or extent of gain correction, depending on 
the specific challenges of their visuo-ecological niches. D. melanogaster occupy vastly differing habitats 
and thus are likely to face many different luminance-contrast distributions, whereas forest-dwelling 
species such as D. teisseiri may face high variation of contrasts at low luminance, on fast timescales 
(Lachaise et al., 1988). On the contrary, closely related D. yakuba that inhabit the savanna face bright 
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conditions but less variation on fast timescales. Thus, D. teisseiri may require stronger gain increments 
and decrements at contextual light fluctuations, possibly starting at a lower absolute luminance, than 
D. yakuba would require. Comparing contrast constancy in behavior of these species will shed light on 
the role of environments in shaping visual physiology and, in the long run, on the evolution of the 
putative physiological differences.  

Our data implicate post-receptor gain control processes also in enhancing dim light vision. Whereas 
Drosophila are crepuscular organisms and may require limited dim light vision, it will be interesting to 
test if luminance information is preserved and utilized even more prominently in nocturnal insect 
species. From morphological observations, LMCs themselves are shown to be involved in spatial 
pooling in certain species. For example, dendrites of LMC subtypes in many nocturnal insects span a 
wider area or more eye columns than their diurnal counterparts (Greiner et al., 2004; Ohly, 1975; Ribi, 
1977; Stöckl et al., 2016b; Strausfeld and Blest, 1970; Warrant, 2017). However, further possibilities of 
spatiotemporal summation downstream of LMCs remain to be explored. Notably, specific LMC classes 
in Hawkmoth species show L3-like dendritic morphology. Whereas cell-type specific investigations to 
probe the physiological relevance of LMC subtypes may not be currently feasible in other insects, 
nocturnal Drosophila individuals found in the wild may provide an immediate possibility in this regard 
(Pegoraro et al., 2020). 

Mechanisms underlying LMC physiological specializations 

LMCs L1, L2 and L3 all receive input from the same receptors, but develop distinct physiological 
properties (Manuscript 2). The specializations can emerge cell-autonomously, as a result of distinct 
membrane properties, or can additionally be shaped by lateral circuit interactions. L3 has been 
distinguished from L1 and L2 on the basis of potassium conductances, where L3 predominantly uses a 
delayed rectifier current Kd known for its sustained nature (Hardie and Weckström, 1990). L1 and L2 
owe their transient properties to rapidly inactivating A-type currents (Ka), and  certain species of Ka 
channels distinguishing L2 from L3 have been identified in terms of both expression levels and 
physiological impact (Gür et al., 2020). However, Ka channels do not fully account for L2 transience, 
suggesting further mechanisms at work. Some of the transience can be attributed to lateral inhibition, 
since center-surround receptive fields have been described for LMCs, and they affect response kinetics 
(Freifeld et al., 2013b; Laughlin and Osorio, 1989; Mimura, 1974). Our finding, that L1 – considered an 
L2 sibling even at the transcriptome level – differs physiologically from L2, corroborates the hypothesis 
about lateral inhibition as the distinguishing mechanism (Tan et al., 2015b). In line with this, L2 is 
proposed to be receiving stronger lateral antagonism than both L1 and L3 (Laughlin and Osorio, 1989).  

The role of circuit interactions can be tested by genetically isolating individual lamina neuron types and 
examining their responses. Lateral connections with first-order interneurons can be silenced using an 
ort mutant background to block transmission between photoreceptors and these parallel channels 
(Gengs et al., 2002; Ketkar et al., 2020). Feedback loops can be silenced by blocking the synaptic output, 
using conditional blocking techniques such as cell-type specific Shibirets (Kitamoto) expression. In 
addition to circuit connections, extracellular field potentials are implicated in determining LMC 
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response properties, especially in the subtraction of low-frequency components i.e. sustained 
components (Weckström and Laughlin, 2010). How the extracellular potentials affect the LMC types 
differently is also an open question. It can be tested if the different medulla layers hosting L1-L3 
neuronal projections provide environments with different field potentials. For example, layer 
specificity of L3 axons can be altered by knocking down a transcription factor dFezf that is specifically 
expressed in L3 (Peng et al., 2018; Santiago et al., 2021). L3 axon terminals, innervating medulla layers 
M1 and M2 instead of M3 on dFezf loss, can be examined for having developed L1- or L2-like temporal 
filtering properties. However, a change of location may also result in a change of post-synaptic 
partners; thus, the dFezf loss-of-function approach can be combined with cell type isolation approach, 
to differentiate between the possible underlying mechanisms. Taken together, elucidating the 
mechanisms underlying contrast constancy in Drosophila might allow to link molecular specializations 
and circuit interactions to cell-type specific physiological properties. Such investigation will ultimately 
further our understanding of how visual systems evolved to support visual behaviors, in the laboratory 
as well as natural habitats. 
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