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Summary

Changes in behavioral state modify neural activity in many systems [1–5]. In some 

vertebrates such modulation has been observed and interpreted in the context of attention [2] 

and sensorimotor coordinate transformations [3]. Here we report state-dependent activity 

modulations during walking in a visual-motor pathway of Drosophila. We used two-photon 

imaging to monitor intracellular calcium activity in motion-sensitive lobula plate tangential 

cells (LPTCs) in head-fixed Drosophila walking on an air-supported ball. Cells of the 

horizontal system (HS)—a subgroup of LPTCs—showed stronger calcium transients in 

response to visual motion when flies were walking rather than resting. The amplified 

responses were also correlated with walking speed. Moreover, HS neurons showed a 

relatively higher gain in response strength at higher temporal frequencies, and their optimum 

temporal frequency was shifted toward higher motion speeds. Walking-dependent 

modulation of HS neurons in the Drosophila visual system may constitute a mechanism to 

facilitate processing of higher image speeds in behavioral contexts where these speeds of 

visual motion are relevant for course stabilization.

Results

Moving animals analyze optic flow—the patterns of retinal image shift caused by relative 

motion between the eyes and visual contrasts in the surroundings—to stabilize their 

locomotor path, balance, and gaze [6]. Horizontal system (HS) neurons are necessary 

elements of the optic-flow-processing and optomotor pathways in flies [7, 8] and have been 

thoroughly studied in blowflies [9] and, recently, in Drosophila [10]. HS neuron receptive 

fields consist of large overlapping areas, stacked along the dorsal-ventral axis; the three HS 

neurons in each optic lobe are accordingly referred to as HS-North (HSN), HS-Equatorial, 

and HS-South [10]. HS-North and HS-Equatorial respond best to simultaneous horizontal 

front-to-back motion on the ipsilateral eye and back-to-front optic flow on the contralateral 

eye, a pattern of image motion that occurs during yaw rotations of the body and head [11]. 

The neurons are also stimulated during translation of the fly [12, 13].
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We used two-photon imaging to record transient changes in intracellular calcium 

concentration from dendrites of HSN neurons in flies walking on an air-supported ball [14] 

(Figure 1A). We expressed the genetically encoded calcium indicator GCaMP3.0 [15] in HS 

neurons by using the R27B03-Gal4 driver from the Rubin laboratory [16] (see Supplemental 

Experimental Procedures, available online). HS neurons were identified on the basis of their 

characteristic morphology: large somata, broad and stereotyped dendrites in the lobula plate 

(Figure 1B and Figure S1), and axons projecting to the protocerebrum toward the midline 

[17]. We presented the fly with large-field vertical gratings moving horizontally, 

approximating the optic flow that occurs during pure yaw rotation of the fly, while 

monitoring both walking and HSN calcium transients [14] (see Supplemental Experimental 

Procedures). HSN neurons responded to horizontal motion in their preferred direction (PD) 

with slow increases of the GCaMP signal (Figure 1C), in agreement with previous studies 

using synthetic calcium indicators in the blowfly [18]. When the fly was stationary, HSN 

dendrites displayed temporal frequency tuning and direction-selective responses similar to 

those recently measured in Drosophila with the use of somatic whole-cell patch-clamp 

recordings [10] (Figures 1D and 1E, respectively).

Recent electrophysiological studies in the visual system of tethered mice and tethered flies 

have shown enhanced responses to visual stimuli during walking and flying, respectively [4, 

5]. Recordings in restrained flies from motion-sensitive neurons exposed to a 

neuromodulator that is known to be released during flight [19] have also suggested the 

existence of context-dependent response modulation in these neurons. To examine whether 

HSN responses are modified during walking, we compared its responses to moving vertical 

gratings in walking and stationary trials of the same fly. In stationary flies, the strongest 

motion-induced physiological responses are observed at temporal frequencies of about 1 Hz; 

responses at higher temporal frequencies are significantly reduced [10] (Figure 1D). To stay 

within the nonsaturating range, we presented moving stimuli at temporal frequencies of 3–4 

Hz, where the calcium transients are about 20%–40% of those found at 1 Hz (Figure 1D), 

thereby making potential increases in HSN activity during behavior more visible. We found 

that the neuron’s response amplitude was greatly increased when the fly walked (Figure 

2A). This response gain, measured as the ratio of peak HSN response in walking flies to that 

in stationary flies, was seen across trials for the same neuron (Figure 2B, mean response 

gain = 2.96, n = 5 trials) and across different walking flies (Figure 2C, mean response gain = 

6.5 ± 4.4; range: 2.7–16; n = 8 flies).

We noticed that grooming also modulated HSN response to moving gratings, but to a lesser 

extent than walking (data not shown). In some experiments, flies displayed long periods of 

walking interrupted only by grooming. In such cases, we achieved the stationary condition 

by waxing the fly’s legs (the “fixed-legs” condition). We carried out control experiments to 

test whether this manipulation resulted in HSN responses and tuning curves different from 

those of the more natural stationary condition (“still-legs”) and found that HSN responses in 

the fixed-legs condition matched those in the still-legs condition (Figure 2D). Moreover, the 

similarity was maintained across all temporal frequencies (Figure 2E), suggesting that active 

walking was required for gain modulation to take effect.
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We then evaluated the dependence of gain modulation on walking speed. We performed 100 

successive imaging trials on individual flies presented with a PD motion stimulus of 

constant temporal frequency (4 Hz). Flies walked at a range of speeds (Figure 3A) and for 

different distances (Figure 3B) during these trials. Comparing calcium transients during the 

same period of the response but under different walking conditions, we found that trials in 

which the fly walked more (as measured by increases in turning) were often the same trials 

that featured the larger calcium signals (compare calcium and rotational responses for the 

four highlighted trials in Figures 3A–3C). We quantified this across 100 trials by comparing 

the net calcium accumulation at the end of PD stimulation (period outlined in black boxes, 

Figure 3C) to the mean rotational speed in the preceding 5 s (period outlined in black boxes, 

Figure 3A) and found a moderate but significant correlation (Figure 3D; R2 = 0.70, 0.11, 

0.18, 0.65, and 0.39; p < 0.001 for all five flies). We obtained similar results when we 

compared net calcium levels to overall walking speed (including translational components) 

during the same time period (data not shown). Thus, a significant component of the 

increased HSN response that we saw could be explained by walking speed alone. The 

direction in which the fly turned did not, however, appear to modify responses (data not 

shown).

The magnitude of the walking-induced amplification of the response of the HSN neuron was 

also highly dependent on the temporal frequency of the stimulus. We tested temporal 

frequencies ranging from 0.25 to 10 Hz. During walking trials, the mean HSN peak response 

was significantly amplified at all frequencies (Figures 4A and 4B), although at frequencies < 

1 Hz, the modulation was less reproducible (5/8 flies, Figure S2). Interestingly, this response 

gain—the ratio of peak HSN responses in walking relative to stationary conditions—was 

dependent on the temporal frequency of the stimulus, with an approximately constant gain at 

lower speeds (< 2 Hz) and a maxim um at 6 Hz (Figure 4C). Furthermore, in six out of eight 

flies, the peak of the tuning curve was shifted toward higher temporal frequencies and was 

significantly different from the peak of the temporal tuning curve in stationary trials (Figure 

4A and Figure S2, Mann-Whitney test, p < 0.001). We plotted walking speed against 

temporal frequency and found that walking speed did not increase at higher temporal 

frequencies (Figure S3). Thus, the temporal-frequency-dependent neuronal response gains 

we observed could not be explained by walking speed differences alone.

Discussion

We used a tethered fly-on-a-ball imaging setup [14] to record Drosophila HSN neuron 

calcium transients in response to motion stimuli. We found walking-dependent gain 

modulation in HS neurons, similar to recent results in vertical system (VS) lobula plate 

tangential cells (LPTCs) during tethered flight [4]. Such state-dependent regulation of neural 

sensitivity has been suggested to reduce energy consumption [20], increasing the system’s 

gain only when the animal requires it most. In the Maimon et al. 2010 study in flying flies 

[4], LPTC membrane potentials were more depolarized and their synaptic responses stronger 

during flight. Assuming that voltage-dependent calcium currents underlie the calcium 

transients that we observe [21], the changes seen in flying flies likely apply to the walking 

fly as well. However, other sources of calcium transients may include release from internal 

stores.
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The origin of behavior-dependent gain modulation of HS neurons remains unclear. Flies 

with fixed legs have HSN responses that closely resemble those from stationary flies. This 

does not support the idea that response amplification is initiated by a walking command 

signal alone [22] and instead suggests that active proprioceptive feedback produced by leg 

movement is also required to increase HS neuron response. Numerous neuronal mechanisms 

can account for gain modulation, including changes in background synaptic activity [23], 

inhibition [24], and release of neuromodulators such as octopamine [19], and additional 

experiments will be required to identify the specific mechanisms involved.

When presented with constant spatial frequency grating patterns over a range of temporal 

frequencies, insects display optomotor turning reactions that give rise to a bell-shaped tuning 

curve, featuring a maximum response at some intermediate, temporal frequency optima 

(TFO) with reduced amplitude responses for lower and higher temporal frequencies [25, 26]. 

The published TFO measured for Drosophila optomotor turning behavior in response to 

rotatory motion by walking tethered flies is in the range of 1–4 Hz [27, 28], and in tethered 

flight it is reported to peak within the range of 5–10 Hz [29, 30] (but see [31]). However, the 

electrophysiological responses of LPTCs to moving gratings show a lower temporal 

frequency peak at approximately 1 Hz in restrained Drosophila (for VS neurons [32] and HS 

neurons [10]). The results summarized in Figure 4 may partly resolve this paradox. In our 

calcium imaging data, the TFO measured in HS neurons for quiescent flies parallels the 

electrophysiological measurements, peaking at approximately 1 Hz, while the responses for 

the actively walking flies feature a TFO that is shifted toward higher speeds, closer to the 3 

Hz peak previously reported for walking flies [27]. It remains to be seen whether this result 

can be generalized to other LPTCs and to other motion-sensitive neurons that have not yet 

been recorded from. However, given the strong agreement of our fixed-leg data with recent 

electrophysiological results [10] and several recent results demonstrating gain modulation 

[4, 19, 22], it appears quite likely that the behavioral state of the fly will, in general, affect 

the speed tuning of motion-sensitive neurons. Perhaps if these experiments were repeated in 

a flying fly [4], the TFO would be shown to shift even further toward the behaviorally 

observed range for flight.

Changes in the tuning of visual neurons have been observed across species during adaptation 

to repeated presentations of the same stimulus [33, 34]. In our experiments, flies are head-

fixed and are presented with identical visual stimuli independent of behavioral state—a very 

different situation. However, some of the cellular mechanisms underlying the tuning shift 

that we observe during walking may be shared with those involved in adaptation-related 

tuning changes. In fly motion vision, it has been proposed that time constants of filters that 

make up elementary motion detectors might be modified during adaptation [35–37], but 

evidence for this idea is mixed [38].

The gain modulation and TFO shift that we report is also reminiscent of modulations that 

have been observed in visual responses under increased temperatures. In the behaviorally 

relevant temperature range, blowfly photoreceptors have been shown to be more sensitive at 

elevated temperatures, with an amplitude increase of over 50% and temporal responses that 

are more than twice as fast [39]. Additionally, the responses of motion-sensitive H1 neurons 

in the blowfly lobula plate were shown to exhibit an increase in TFO from 2 to 4 Hz [40]. 
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The authors of the H1 study concluded that the increased sensitivity of photoreceptors is the 

most likely source of the increased sensitivity in the H1 neuron. In both studies, these 

dramatic changes required an increase of 10°C or more. However, in our experiments, the 

brain was under perfusion that was temperature controlled to 21°C, and so any potential 

heating of the brain was clamped by the bath.

Our data demonstrate that when flies are actively walking, HS neurons show both an upward 

shift in response amplitude and a prominent increase in gain at higher temporal frequencies. 

What role might the enhanced sensitivity to higher image motion speeds serve? When flies 

are stationary, responses of motion-sensitive neurons to high image speeds are attenuated, as 

seen in temporal frequency tuning curves (Figure 1D) [9, 10]. This may be a strategy that 

stabilizes optomotor responses, whereby flies do not respond with a high behavioral gain to 

motion that they cannot ultimately track [41]. However, when animals walk, the retina is 

exposed to a higher range of image speeds because of self motion. The increased response 

gain to high temporal frequencies that we observed (Figures 4A–4C) may enable the 

detection of the faster retinal image shifts that the fly experiences when walking through its 

visual environment.

Experimental Procedures

We mounted a tethered and dissected fly under a two-photon microscope objective, leaving 

its legs free to move an air-supported ball that is tracked at high resolution [14]. We used a 

modular LED arena [42] to present horizontally moving vertical gratings with a constant 

spatial period of 22.5° to the fly at varying temporal frequencies (the angular velocity of the 

pattern divided by the spatial period) and imaged HS neuron dendrites at 8 Hz in frame scan 

mode. Experiments were conducted at 21°C. Data analysis was performed in MATLAB 

(The MathWorks, Natick, MA, USA). Further details of the data analyses and experimental 

procedures are provided in Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Two-Photon Calcium Imaging of the Motion-Sensitive HSN Neuron in Drosophila
(A) Schematic of the walking fly recording setup.

(B) We recorded from the HSN’s dendrite branch, outlined in dotted red (from fly 6). HSE: 

HS-Equatorial. Scale bars represent 20 µm (i) and 5 µm (ii).

(C) Canonical responses of the HSN neuron (from fly 6) to a horizontally rotating vertical 

grating pattern moving at a temporal frequency of 1 Hz in trials in which the fly was 

standing still. We always recorded from the left half of the brain; therefore, a front-to-back 

preferred direction (PD) for the neuron corresponds to counterclockwise rotations of the 

pattern.

(D) Temporal frequency tuning of HSN dendrites. Shown are the mean normalized peak 

responses across eight different flies. Error bars indicate mean ± standard error of the mean 

(SEM).

(E) Directional tuning of HSN dendrites. The figure shows the mean normalized peak 

response (error bars indicate mean ± SEM) across four different flies, during 10 s of grating 

motion of different orientations (indicated by red arrows) moving at 1 Hz. In all cases, the 

peak response was calculated as the mean value from a 0.5 s time window centered at the 

peak of the response and was normalized to the neuron’s maximum peak response.
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Figure 2. HSN Responses Depend on the Walking State of the Fly
(A) Single trials (upper traces, calcium signals; lower traces, rotational velocities calculated 

over 0.5 s) from the HSN neuron and fly shown in Figure 1C during stationary (trial 7, blue) 

and walking (trial 1, red) conditions. For all examples in this figure, the fly was stimulated 

with a large-field, horizontal grating moving at a temporal frequency of 4 Hz.

(B) Mean ± standard deviation (SD) response of the neuron during walking (red) and 

stationary (blue) trials (n = 5 trials per condition).

(C) Mean normalized peak response during walking (black bar) and stationary (gray bar) 

trials across all flies (Mann-Whitney test, ***p < 0.001, n = 8).

(D). Comparison of HSN responses in the two different nonwalking conditions. Shown are 

the mean ± SD of three different trials of HSN responses to a vertical grating moving 

horizontally at a temporal frequency of 3 Hz when the fly was standing still on the ball 

(”still-legs”) or when the same fly had its legs waxed (“fixedlegs”).
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(E) We repeated the same comparison across different temporal frequencies for four 

different flies to obtain temporal frequency tuning curves under the two nonwalking 

conditions (curves comparison: Mann-Whitney test; p values ranged from 0.2 to 0.9).
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Figure 3. HSN Responses Are Correlated with Walking Speed
(A) Rotational walking velocities during periods of PD stimulation (gray box) for four 

different trials (indicated in different colors) for a single fly.

(B) Trial-to-trial variability in accumulated rotation caused by the fly walking on the ball for 

the same trials.

(C) Calcium transients (i.e., fluorescence transients, %DF/F) in response to PD stimulation 

in the same trials.
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(D) Correlation between mean calcium transients during the last 5 s of PD stimulus 

presentation (black box) and mean rotational walking speed over 100 trials for the same fly. 

Mean walking speed calculated over the 5 s periods shown in black boxes in (B): periods 

used to compute calcium transients are later in order to account for the delay in the 

transients.
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Figure 4. HSN Temporal Frequency Tuning Curve Is Significantly Amplified and Its Peak Shifts 
toward Higher Frequencies during Walking
(A) Temporal frequency tuning curves for HSN dendrites in walking and stationary 

conditions for a single fly (fly 3; walking: n = 10 trials; stationary: n = 5 trials).

(B) Mean temporal frequency tuning curve of HSN under walking and stationary conditions 

across all flies. The responses of HSN were normalized to the maximal responses for each 

fly under stationary conditions and averaged across flies (for 0.25 Hz and 10 Hz, n = 6 flies; 

other frequencies, n = 8 flies). *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Mean HSN response gain across temporal frequencies (number of flies per frequency 

same as in B). The gain is defined as the maximum calcium transient measured when the fly 

was walking divided by the maximum calcium transient obtained in stationary flies.
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