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In Brief

In vivo electrophysiology and 2-photon
calcium imaging reveal that touch signals
in Drosophila are sent in parallel to
multiple genetically defined neuronal
classes in the ventral nerve cord, which
integrate excitatory and inhibitory inputs
from other touch receptors and
proprioceptors to encode unique
stimulus features.
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SUMMARY

To distinguish between complex somatosensory
stimuli, central circuits must combine signals from
multiple peripheral mechanoreceptor types, as well
as mechanoreceptors at different sites in the body.
Here, we investigate the first stages of somatosensory
integration in Drosophila using in vivo recordings from
genetically labeled central neurons in combination
with mechanical and optogenetic stimulation of
specific mechanoreceptor types. We identify three
classes of central neurons that process touch: one
compares touch signals on different parts of the
same limb, one compares touch signals on right and
left limbs, and the third compares touch and proprio-
ceptive signals. Each class encodes distinct features
of somatosensory stimuli. The axon of an individual
touch receptor neuron can diverge to synapse onto
all three classes, meaning that these computations
occur in parallel, not hierarchically. Representing a
stimulus as a set of parallel comparisons is a fast
and efficient way to deliver somatosensory signals
to motor circuits.

INTRODUCTION

A tactile stimulus may recruit multiple mechanoreceptor types
that encode different stimulus features (e.g., vibration versus
pressure). Moreover, a stimulus may recruit neurons that encode
the same stimulus feature at different locations on the body
(e.g., vibration at two fingertips). Thus, downstream circuits
must often integrate signals from multiple mechanoreceptor
neurons in order to elicit appropriate behavioral responses. It is
therefore fundamental to understand how signals from different
mechanoreceptors are integrated in the CNS.

An important constraint on somatosensory integration is
processing speed. Fast mechanosensory reflexes are an integral
part of many motor behaviors (Burrows, 1996; Lundberg, 1979).
For example, an insect can react to a mechanical stimulus within
20-30 ms (Jindrich and Full, 2002; Schaefer et al., 1994). A large
fraction of this latency is due to mechanosensory transduction
and axonal conduction (6-8 ms) (Holtje and Hustert, 2003; Ridgel
et al., 2001), as well as the kinetics of muscle force production
(10 ms) (Ahn et al., 2006). Thus, the central circuits that transform
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sensory signals into motor commands are subject to tight con-
straints on speed.

In vertebrates, somatosensory integration may begin within
a few synapses from the periphery. Indeed, some spinal cord
projection neurons show evidence of both spatial pooling and
cross-talk between different mechanoreceptor types (Brown
and Franz, 1969; Wall, 1967). However, it has been difficult to
identify the specific sites and mechanisms of somatosensory
processing in vertebrates, partly due to the complications
involved in recording from the spinal cord.

Here, we investigate the early stages of somatosensory pro-
cessing in the fruit fly, Drosophila, which allowed us to combine
in vivo single-cell electrophysiological recordings with genetic
tools for labeling and manipulating specific neurons. A fly’s
sense of touch is mediated mainly by bristles that cover its
body surface. Touching a bristle can evoke postural adjustment
and grooming (Corfas and Dudai, 1989; Seeds et al., 2014;
Vandervorst and Ghysen, 1980). Bristles may also contribute to
tactile exploration (Pick and Strauss, 2005) and social interaction
(Ramdya et al., 2015). However, nothing is known about how
signals from bristle neurons are processed in the adult fly.

In this study, we show how signals from bristle neurons on the
Drosophila leg are integrated and transformed in second-order
somatosensory neurons of the ventral nerve cord (VNC), a
region analogous to the vertebrate spinal cord. We identified three
classes of second-order neurons that receive direct input from
bristle touch receptors. One class compares touch signals from
different locations on the same limb, whereas another performs
bilateral comparisons across limbs, and another compares touch
and proprioceptive signals. Notably, these different computations
operate in parallel: we find that a single touch receptor axon can
diverge to synapse onto all three cell classes. This parallel pro-
cessing scheme may reflect an adaptation for speed.

RESULTS

Genetic Driver Lines for Leg Mechanoreceptor Neurons
Adult Drosophila possess four basic types of peripheral mecha-
noreceptor organs: bristles, hair plates, campaniform sensilla,
and chordotonal organs (Figure 1A). Bristle neurons are the
main touch receptors, and in this study, we focus on these neu-
rons and their downstream targets. The other three organs are
thought to serve mainly proprioceptive functions, based on
studies in other insects (Burrows, 1996; Zill et al., 2004).

The axons of leg bristle neurons form a topographic map
within the most ventral layer of the VNC neuropil. These axons
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Figure 1. Genetic Tools for Targeting Mechanoreceptor Neurons of the Drosophila Leg
(A) Projection of a confocal stack through the prothoracic leg. GFP (green) is expressed in sensory neurons (under the control of ChAT-Gal4). Magenta shows

cuticle autofluorescence.

(B) Schematic diagrams of each mechanoreceptor type. Associated mechanoreceptor neurons are in green.
(C) Projections of confocal stacks showing sensory neurons within each mechanoreceptor type. GFP (green) is expressed under the control of LexA. Magenta

shows cuticle autofluorescence. Scale bars, 10 pm.

See also Figures S1 and S2. See the Supplemental Experimental Procedures for all genotypes.

are largely segregated from the axons of other mechanoreceptor
types, which project to more dorsal regions of the neuropil (Mer-
ritt and Murphey, 1992; Murphey et al., 1989a, 1989b; Smith and
Shepherd, 1996). We took advantage of these distinct axonal
arborization patterns to visually screen existing genetic libraries
(Gohl et al., 2011; Jenett et al., 2012) for LexA driver lines that
labeled each mechanoreceptor type. We then further refined
this screen by imaging GFP expression in the front (prothoracic)
leg. In this way, we identified four LexA lines that delineate the
four major mechanoreceptor types on the leg (Figure 1; see
Figures S1, S2, and Supplemental Experimental Procedures
for details on each line). This LexA toolkit provides independent
genetic access to neurons within each of the basic peripheral
mechanoreceptor types.

Propagation of Touch Signals in the Fly Ventral

Nerve Cord

A single neuron resides at the base of each bristle. Mechanical
stimulation of the bristle can evoke intense spiking activity within
the bristle neuron (Figure 2A). Spiking activity in bristle neurons
can also be driven optogenetically, by expressing the ChR2
variant Chrimson (Klapoetke et al., 2014) under the control of
our LexA line specific for bristle neurons (R38b08-LexA), and
illuminating the leg with green light (Figure 2A). These signals
are recorded by clipping the bristle hair and placing a recording

electrode over the tip so that it makes electrical contact with the
hair shaft; mounting the electrode on a piezoelectric actuator
allows us to deliver calibrated mechanical stimuli to the bristle
by moving the electrode itself (Corfas and Dudai, 1990).

To assess the number and location of central neurons that
respond to bristle stimulation, we expressed the genetically
encoded calcium indicator GCaMP6f (Chen et al., 2013) pan-
neuronally, and we imaged the VNC with a 2-photon microscope
(Figure 2B). Meanwhile, we optogenetically stimulated bristle
neurons at the femur-tibia joint of the fly’s left prothoracic leg
(Figure 2C). We found that many VNC neurons displayed
responses that were correlated with bristle neuron stimulation
(Figure 2D). Specifically, in one representative fly, 69 of the 699
identifiable neuronal somata in the anterior portion of the VNC
showed calcium bursts that were significantly correlated with
stimulus pulses (Figures 2E and 2F). We interpret this number
as a lower bound on the number of responsive VNC neurons,
due to the limited sensitivity of calcium imaging.

The VNC contains motor neurons in addition to the circuits
that process sensory information. Motor neuron cell bodies are
identifiable by their distinctively large size and characteristic po-
sition (Baek and Mann, 2009; Brierley et al., 2012). We tentatively
classified VNC neurons as either motor or non-motor based on
their cell body size. Some putative motor neurons exhibited
robust calcium signals correlated with bristle neuron stimulation
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Figure 2. Propagation of Touch Signals in the Fly Ventral Nerve Cord

(A) Left: schematic of bristle recording configuration. Right: responses of a bristle neuron to mechanical (red) and optogenetic (green) stimuli. Signals are
band-pass filtered to facilitate spike identification (see Supplemental Experimental Procedures). All bristle neuron recordings are made from the same bristle on
the prothoracic leg, near the femur-tibia joint (Figure S5A).

(B) Projection of a coronal stack through a region (~180 um x 180 um) of the prothoracic ventral nerve cord (VNC) showing resting GCaMP6f fluorescence.
GCaMPéf is expressed pan-neuronally and imaged with a two-photon microscope. Outlined in white dashed lines are the neuropil regions (neuromeres); these
regions do not contain neuronal cell bodies.

(C) Schematic of optogenetic bristle stimulation for calcium imaging experiments. The fly is positioned ventral side up. Light is directed at the femur/tibia joint of a
prothoracic leg. The imaged region of the VNC is outlined in red.

(D) GCaMP signals recorded during periodic optogenetic stimulation of leg bristles. The left and right panels show color-coded AF/F responses of example
neurons from a single imaging plane, illustrated in the center panel. Cross-correlation values, computed between each neuron’s AF/F signal and the stimulus
waveform, are indicated alongside each trace.

(E) Map of all 699 neurons in the prothoracic region of a typical VNC, with individual neurons color-coded by their correlation value. In this projection, neurons with
higher correlation are displayed on top. Neurons with correlation values below the threshold for statistical significance (0.19) are blue (n.s.).

(F) Top: distribution of correlation values between calcium signals (AF/F) and the stimulus waveform for all 699 neurons. Bottom: correlation values after shuffling
the stimulus waveform; the 95™ percentile of this distribution was taken as the threshold for significance.

(G) Correlation map of VNC neurons (same as E) but excluding motor neurons. The arrow points to the cluster of neurons that we identified for further scrutiny.
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Figure 3. Three Classes of VNC Neurons that Receive Direct Synaptic Input from the Same Femur Bristle

(A) Left: morphology of a biocytin-filled neuron that expressed GFP in the indicated genotype. Red arrows indicate cell body position. Right: maximum intensity
projection of GFP expression within the prothoracic neuromere of the VNC (black), co-labeled with the axonal arbor of a single femur bristle neuron filled with Dil
(red); we always targeted the same femur bristle (Figure S5A). All three central neuron classes overlap with this bristle neuron axon. Scale bars, 10 um.

(B) Each row shows a typical in vivo whole-cell current-clamp recording from a central neuron and the simultaneously recorded signal from a bristle neuron.
As before, we targeted the same bristle on the femur, near the femur-tibia joint (Figure S5A).

(C) Single spikes in this bristle neuron reliably trigger excitatory postsynaptic potentials (EPSPs) in each class of central neuron. As before, we targeted the same
bristle on the posterior femur, near the femur-tibia joint (Figure S5A). Examples of bristle neuron spikes are shown at bottom. The left column shows representative
single-trial EPSPs recorded from each corresponding central neuron class. At right are spike-triggered-averages of the postsynaptic voltage, averaged across all
paired recordings from the same central neuron class where a connection was detected.

See also Figures S3, S4, and S5.

(Figures 2D and 2E), which may be related to the initiation of
motor reflexes (Harris et al., 2015; Vandervorst and Ghysen,
1980). Because we were primarily interested in sensory pro-
cessing, we excluded these putative motor neurons from our
analysis. Of the remaining 43 neurons whose responses were
significantly correlated with the stimulus, most were localized
in a ventral cluster along the midline (Figure 2G). Based on these
results, we focused our efforts on obtaining genetic access to
neurons in this cluster.

Three Cell Classes that Receive Direct and Divergent
Synaptic Input from the Same Bristle Axon

To identify neurons postsynaptic to leg bristle neurons, we con-
ducted another visual screen of genetic driver lines, this time
focusing on the CNS. Because bristle neuron axons terminate

in the ventral layer of the VNC neuropil (Murphey et al., 1989b),
we looked for neurons having dendrites in this zone. Guided by
our calcium imaging results, we focused on neurons with somata
in the ventral cluster along the midline. Candidate lines that
emerged from this visual screen were then re-screened electro-
physiologically: we labeled neurons with GFP, and we made
visually targeted in vivo whole-cell recordings from neuronal
somata while deflecting bristles at the femur-tibia joint of the
fly’s left prothoracic leg.

We identified three neuron classes that reliably responded to
this mechanical stimulus (Figures 3 and S3), each labeled by a
distinct Gal4 line. The first of these lines (R13d717-Gal4) labeled
intersegmental neurons with axons that ascended through the
neck connective to the brain. The second line (R69c05-Gal4)
labeled midline local neurons that arborized within a single
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segment (neuromere) of the VNC. The third line (R18908-Gal4)
labeled midline projection neurons that arborized mainly in
the ipsilateral neuromere, but also sent a projection to the
contralateral neuromere. Within each neuron class, all recorded
cells exhibited consistent morphological and intrinsic electro-
physiological properties. Antibody staining against candidate
neurotransmitters indicated that the midline local neurons and
midline projection neurons are likely glutamatergic, while at
least some of the intersegmental neurons are likely cholinergic
(Figure S4).

In total, the three neuron classes we identified contained ~14
cells on the left side of the prothoracic VNC and the same num-
ber on the right. Recall that, in a typical fly, 43 putative non-motor
neurons showed significant calcium responses to stimulating
bristle neurons on the fly’s left prothoracic leg near the femur/
tibia joint. The cell classes we have identified represent a size-
able fraction of that number (14/43). Thus, these neurons likely
represent a substantial component of the VNC neurons that
respond to touch on this region of the leg.

All three classes of VNC neurons are anatomically positioned
to receive direct synaptic input from bristle neurons. Evidence
for this came from filling an identified femur bristle neuron (indi-
cated in Figure S5A) with a fluorescent dye. The dendrites of
all three central neuron classes roughly overlapped with the
bristle neuron axon terminal, indicating the potential for direct
connectivity (Figures 3A and S5B).

We confirmed that some neurons within each class are
postsynaptic to this same femur bristle neuron by making
paired electrophysiological recordings from the bristle neuron
and individual central neurons. Movement of this bristle eli-
cited a train of spikes in the bristle neuron and it evoked a
large depolarization and a single spike in most of the central
neurons we recorded from. This was true of all intersegmental
neurons (eight of eight), most midline local neurons (six of
seven), and most midline projection neurons (five of eight)
(Figure 3B). All central neuron responses to bristle stimulation
were completely blocked by bath application of the nicotinic
acetylcholine receptor antagonist methyllycaconitine (MLA,
1 uM; data not shown), indicating that bristle neurons release
acetylcholine.

In a subset of the recordings where we found a connection be-
tween a bristle neuron and a central neuron, we were able to
evoke single spikes in the presynaptic bristle neuron by making
a very small movement of the bristle (<5 um). In every one of
these cases, and for all cell classes, we found that a single bristle
spike produced a reliable excitatory postsynaptic potential
(EPSP) in the central neuron (Figure 3C). The trial-averaged la-
tency of these responses was similar across all three cell classes
(~3 ms; Figure S6A). The trial-to-trial SD in the latency of these
responses was relatively small (typically <1 ms). Because a sin-
gle presynaptic spike is sufficient to elicit an EPSP, and because
the EPSP has a consistent latency of about 3 ms, we can
conclude that this is a monosynaptic connection.

Together, these results indicate that some neurons within all
three classes are directly postsynaptic to bristle neurons. More-
over, because all these experiments targeted one specific femur
bristle, we can conclude that some neurons within all three clas-
ses receive input from a common bristle afferent.

1050 Cell 164, 1046-1059, February 25, 2016 ©2016 Elsevier Inc.

Intersegmental Neurons Compare Touch and
Proprioceptive Inputs

We next turned our attention to the central integration of touch
signals, considering each central neuron class in turn. We began
with the intersegmental neurons. R13d17-Gal4 labels two pairs
of intersegmental neurons in each prothoracic neuromere,
each of which extends an anterior process that ascends to the
brain, and a posterior process that innervates the meso- and
metathoracic neuromeres (Figure 4A). Biocytin fills revealed
that, within each pair, one intersegmental neuron projects to
the ipsilateral side of the brain, the other to the contralateral
side, where they both arborize in a brain region called the vest
(Figures S3B and S5C). The dendrites of every intersegmental
neuron branch throughout the ventral prothoracic neuromere,
in the same region where leg bristle axons terminate.

We mapped the touch receptive fields of intersegmental
neurons using both mechanical and optogenetic stimulation
of leg bristles. For mechanical stimulation, we used a probe
mounted on a piezoelectric actuator to deflect one or two bris-
tles, taking care not to touch the cuticle to avoid stimulating
proprioceptors. For optogenetic stimulation, we expressed
Chrimson in bristle neurons and illuminated small regions of
the leg (~200 um in diameter). Mechanical stimuli allowed us
to investigate how central neurons respond to activation of
one or two bristle neurons, while optogenetic stimuli revealed
how downstream neurons respond to activation of many bristle
neurons.

We found that intersegmental neurons receive excitatory syn-
aptic input from bristles along the entire length of the leg (Fig-
ures 4A and 4B). Mechanical and optogenetic mapping methods
always produced similar results. Optogenetic stimulation of the
distal leg produced somewhat larger responses than did stimu-
lation of the proximal leg; this is likely because bristles are most
heavily concentrated on the distal leg (Figure 1A).

Touch receptors may be activated during self-movement—for
example, when the leg touches an obstacle during walking.
Comparing activity in touch receptors and proprioceptors might
allow downstream neurons to contextualize touch signals during
self-generated movement. Therefore, we investigated whether
these central neurons integrate signals from leg proprioceptors.
In separate experiments, we drove expression of Chrimson in
each of the three major proprioceptor types (Figure 1) and opto-
genetically stimulated mechanoreceptors on the leg while
recording from GFP-labeled intersegmental neurons in the
VNC. We discovered that optogenetic stimulation of leg chordo-
tonal neurons hyperpolarized the intersegmental neurons (Fig-
ures 4C-4E). This effect was specific to chordotonal neurons,
because we found no response to stimulation of the other two
proprioceptor types, hair plate neurons or campaniform sensilla
(Table S1).

To assess the functional consequences of proprioceptive inhi-
bition, we combined optogenetic activation of chordotonal neu-
rons with mechanical stimulation of bristles on the tibia. Inhibition
driven by chordotonal neurons reduced touch-evoked excita-
tion, as measured by either peak membrane depolarization or
spike rate (Figures 4D and 4E). Thus, proprioceptive inhibition
from chordotonal neurons can suppress excitatory touch signals
in these central neurons.
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Figure 4. Intersegmental Neurons Compare Touch and Proprioceptive Inputs

(A) Top: membrane potential responses of intersegmental neurons to optogenetic stimulation of bristle neurons (individual cells in gray, average in green, n = 9).
Bottom: responses of a subset of the same neurons to mechanical stimulation of small numbers of bristles (individual cells in gray, average in black, n = 6).
(B) Average spike rates and peak voltage changes for the cells shown in (A), mean + SEM across cells, plotted versus stimulus location. Optogenetic responses
are in green, mechanical responses in black.

(C) Top: bristle neurons on the distal tibia are stimulated mechanically, and the femoral chordotonal organ is stimulated optogenetically. Bottom: proposed circuit
diagram for sensory inputs converging onto intersegmental neurons, with proprioceptive inhibition routed via an interposed inhibitory interneuron. Chordotonal
neurons also drive excitation (directly or indirectly), but this is normally masked by inhibition.

(D) Inhibitory input driven by chordotonal neurons suppresses excitatory input from leg bristle neurons. The top and middle rows show responses of a typical
intersegmental neuron to stimulation of bristle neurons or chordotonal neurons alone. In the bottom row, the two stimuli are delivered together. The optogenetic
stimulus precedes the mechanical stimulus and is more prolonged, in order to increase the effect of inhibition. Antagonists of synaptic inhibition (100 pM
picrotoxin and 50 uM CGP54626) block the suppressive effect of chordotonal neuron stimulation, revealing underlying excitation; similar effects were seen in a
total of six experiments (data not shown). The postsynaptic neuron is not spiking in the presence of antagonists because the neuron has been depolarized to the
point where it cannot initiate spikes.

(E) Average spike rates and peak voltage changes, + SEM across cells, for all experiments like that shown in the left column of (D). Inhibition driven by chordotonal
neurons significantly suppressed responses to bristle neuron stimulation (n = 9 cells, **p = 0.03 for depolarization and p = 0.03 for spikes, Wilcoxon signed
rank test).

See also Figures S3, S4, S5, and S6 and Table S1.
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Antagonists of inhibitory neurotransmitter receptors (100 uM
picrotoxin and 50 uM CGP54626) blocked inhibition driven by
chordotonal neurons and revealed underlying excitation from
chordotonal neurons (Figure 4D). Inhibition driven by chordoto-
nal neurons was also blocked by an antagonist of nicotinic
receptors (MLA, 1 uM; n = 2, data not shown), as we would
expect if chordotonal neurons were cholinergic and excited
inhibitory interneurons via nicotinic synapses.

These data are most consistent with a circuit model in which
intersegmental neurons receive indirect inhibitory input from
chordotonal neurons via interposed inhibitory interneurons
(Figure 4C). Excitation from chordotonal neurons (which may
be direct or indirect) is normally masked by this inhibitory input.

Overall, these data demonstrate that the touch processing
system integrates signals from distinct mechanoreceptor types
at the first stage of central circuitry—i.e., in neurons directly
postsynaptic to peripheral afferents. This cross-modal com-
parison could allow intersegmental neurons to encode specific
conjunctions of touch and proprioceptor signals.

Midline Local Neurons Compare Proximal and Distal
Touch within a Leg

In contrast to the long-range projections of the intersegmental
neurons, the arbors of midline local neurons are limited to a
single neuromere. R69c05-Gal4 labels 12-16 midline local
neurons within the prothoracic region of the VNC, and each
neuron exclusively innervates either the left or right neuromere
(Figure 5A). Every neuron we filled within this class had a similar
morphology. Their processes were restricted to the ventral edge
of the neuropil, in the same region where leg bristle axons termi-
nate (Figure S3).

The spatial receptive fields of midline local neurons were
more sharply tuned than those of the intersegmental neurons.
Only the distal leg produced strong excitation. The proximal
leg produced weak excitation if the stimulus was mechanical,
and weak excitation followed by inhibition if the stimulus was
optogenetic (Figures 5A and 5B). The difference between opto-
genetic and mechanical stimulation likely reflects the fact that
the optogenetic stimulus recruits dozens of bristle neurons,
whereas the mechanical stimulus recruits only one or two.
The difference in the postsynaptic response suggests a non-
linearity in the recruitment of inhibition: stimulation of a few
bristles on the proximal leg is not sufficient to recruit inhibition,
but co-stimulation of many bristles produces a net inhibitory ef-
fect, suggesting that a threshold for recruiting inhibition has
been crossed. Midline local neurons did not respond to
input from chordotonal neurons, campaniform sensilla, or hair
plates (Table S1). Thus, unlike the intersegmental neurons,
they specifically receive input from a single mechanoreceptor
type.

We investigated the integration of excitatory and inhibitory
touch signals through combined activation of proximal and distal
bristles (Figures 5C-5E). We found that optogenetic stimulation
of proximal (femur) bristles produced inhibition that suppressed
excitatory responses to mechanical stimulation of distal (tibia)
bristles (Figures 5D and 5E). Picrotoxin abolished this inhibition
and unmasked an excitatory response to femur bristle stimula-
tion (Figure 5D). All postsynaptic responses were eliminated by
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blocking nicotinic receptors with 1 uM MLA (n = 3 cells, data
not shown).

These data suggest that inhibition to midline local neurons is
supplied by inhibitory interneurons that receive excitatory
input from femur bristles (Figure 5C). The nonlinearity in the
recruitment of inhibition might reside, for example, in the spike
threshold of this interneuron. Excitation from femur bristles is
normally masked by inhibition. The dominant excitatory input
to the midline local neurons is from the bristle neurons of the
distal leg.

Thus, in contrast to the intersegmental neurons—that
compare touch and proprioceptive inputs—we find that the
midline local neurons compare touch inputs from the proximal
and distal regions of the leg. This local computation should allow
the midline local neurons to respond preferentially to objects that
touch the distal leg, regardless of the size of the object or the
magnitude of the force it exerts. It may not be a coincidence
that the distal leg has the highest density of bristles and it
is most likely to contact objects during walking and tactile
exploration.

Midline Projection Neurons Compare Touch Stimuli
across Contralateral Legs

The final cell class we studied consisted of the midline projection
neurons. R18908-Gal4 labels a group of 10-14 neurons with a
distinctive bilateral morphology. Each neuron arborizes in both
the left and right neuromeres, and one arborization is larger
than the other (Figures 6A and S3). The cell body is typically
located contralateral to its principal arbor.

These neurons responded exclusively to bristle stimulation.
They were unresponsive to stimulation of chordotonal neurons,
campaniform sensilla, or hair plates (Table S1). Thus, like the
midline local neurons, and unlike the intersegmental neurons,
they specifically receive input from a single mechanoreceptor
type.

As suggested by their morphology, we discovered that each of
the midline projection neurons integrates touch input from both
legs. We first used optogenetic stimuli to map bristle inputs
from both the ipsilateral and contralateral legs (relative to the
principal arbor). Each neuron was dye-filled and anatomically
reconstructed to verify its orientation. Every recorded neuron
had a similar morphology.

In general, we found that optogenetic stimulation of bristle
neurons evoked a mix of excitation and inhibition (Figure 6A).
Ipsilateral inputs were typically stronger and more likely to
be excitatory, although we found a few ipsilateral inhibitory
responses as well. By comparison, contralateral inputs were
weaker and more often inhibitory. As a group, the midline projec-
tion neurons had relatively diverse receptive field structures,
although all were bilateral, and most combined excitation and
inhibition. The most common pattern was ipsilateral excitation
and contralateral inhibition. Other cells received net excitation
from both the ipsilateral and contralateral legs. Mechanical
stimulation of one or two bristles produced exclusively excitatory
responses, which were largest for distal leg regions (Figure S7A).
Again, we attribute differences between optogenetic and me-
chanical receptive fields to the fact that optogenetic stimuli drive
activity in dozens of bristle neurons, whereas our mechanical
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Figure 5. Midline Local Neurons Compare Proximal and Distal Touch within a Leg

(A) Responses of midline local neurons, as in Figure 4 (n = 10 for optogenetic stimuli, n = 9 for mechanical stimuli).

(B) Average spike rates and peak voltage changes for the cells shown in (A), mean + SEM across cells.

(C) Top: to elicit combined distal and proximal touch inputs, bristle neurons on the distal tibia are stimulated mechanically, and bristle neurons on the femur are
stimulated optogenetically. Bottom: proposed circuit diagram for sensory inputs converging onto local neurons, with proximal inhibition routed via an interposed
inhibitory interneuron.

(D) Inhibitory input driven by proximal femur bristle neurons suppresses excitatory input from distal tibia bristle neurons. Top and middle: responses of a midline
local neuron to stimulation of femur or tibia bristle neurons alone. Bottom: the two stimuli are delivered together. Picrotoxin (10 uM) blocks the suppressive effects
of femur bristle stimulation, revealing underlying excitation; similar effects were seen in a total of four experiments.

(E) Average spike rates and peak voltage changes, + SEM across cells, for all experiments like those shown in the left column of (D). Inhibition from femur bristles
significantly suppressed excitatory signals from tibia bristles (n = 7 cells, **p = 0.02 for depolarization and p = 0.03 for spikes, Wilcoxon signed rank test).
See also Figures S3, S4, and S6 and Table S1.

stimuli are confined to one or two bristles. As inhibition is only re-
cruited by optogenetic stimulation, it likely requires co-activation
of many bristle neurons.

To examine bilateral integration of touch signals in these
neurons, we optogenetically stimulated bristle neurons on the
tibia of the right and left prothoracic legs (Figure 6B). Two
example experiments of this type are shown in Figure 6C. In
the first example, inhibition from the contralateral leg reduced

excitation from the ipsilateral leg. In essence, a neuron like
this is comparing input to the right and left legs. This should allow
such a neuron to respond preferentially to an object touching the
ipsilateral leg only. In the second example, ipsi- and contralateral
excitation combined additively. This neuron should respond best
to an object that is touching both legs. Across the population,
combining ipsilateral and contralateral stimulation evoked a va-
riety of results (Figure S7C). In all cases, picrotoxin eliminated
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Figure 6. Midline Projection Neurons Compare Touch Stimuli across the Body Midline

(A) Trial-averaged responses of ten midline projection neurons to optogenetic stimulation of bristle neurons. For each neuron, responses were measured for both
the ipsilateral (blue) and contralateral (red) prothoracic legs. Ipsilateral is defined as the side containing the reconstructed neuron’s primary arborization
(schematic at left). The right column shows trial-averaged spike rates versus stimulus location.

(B) Left: schematic of the recording configuration. Bristles on the contralateral and ipsilateral tibia are stimulated optogenetically. Right: proposed circuit diagram
for those midline projection neurons that combine ipsilateral excitation with contralateral inhibition.

(C) Integration of touch signals across legs. Top and middle: responses of local neurons to independent stimulation of ipsilateral and contralateral bristles.
Bottom: the two stimuli are delivered together. Picrotoxin (10 pM) blocks inhibition from contralateral bristles, revealing excitation (Figure S7B). Data for all

experiments of this type are shown in Figure S7.
See also Figures S3, S4, and S6 and Table S1.

inhibition evoked by optogenetic bristle neuron stimulation (Fig-
ure 6C) and uncovered latent excitatory inputs along the entire
length of both legs (Figure S7B). This result suggests that midline
projection neurons receive broad excitatory input from leg bris-
tles, which is suppressed by concomitant inhibition in some
regions of the leg. Thus, as with the midline local neurons, exci-
tation appears to be spatially broader than inhibition. Although
these receptive fields were diverse, the most common pattern
appears to be ipsilateral excitation combined with contralateral
inhibition, with inhibition likely relayed through interposed inhib-
itory neurons (Figure 6B). As a population, these neurons may
play arole in behaviors that involve right-left coordination based
on touch cues, such as during walking, grooming, or courtship.

Parallel Somatosensory Pathways Encode Distinct
Features of Complex Movements

Up to this point, we have shown that three classes of VNC neu-
rons perform distinct computations on the same touch input.
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However, all of these experiments used a very restricted range
of mechanical stimuli. Normally, the fly would be able to stimu-
late leg bristles and proprioceptors through self-movement,
and the mechanical forces impinging on the leg would be more
complex. Given what we know about these cell classes, we
would expect them to encode distinct but overlapping features
of complex stimuli.

To explore this idea, we allowed the fly to freely move its
legs while we performed simultaneous whole-cell recordings
from pairs of VNC neurons. During these recordings, the pro-
thoracic leg frequently collided with the other legs or with the
recording platform, likely stimulating touch and proprioceptive
mechanoreceptor neurons on the legs. Two representative
recordings are shown in Figure 7. In these experiments, we
first used the piezoelectric actuator to mechanically stimulate
a femur bristle and confirm that both central neurons re-
sponded (Figures 7A and 7D), as expected from our previous
results (Figure 3). After we confirmed responses to controlled
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Figure 7. Parallel Coding of Complex Stimuli in Simultaneously Recorded Central Neuron Pairs

(A) Paired whole-cell recording from an intersegmental neuron and a midline local neuron. Example traces show the simultaneous responses of the two neurons to
mechanical stimulation of a femur bristle. These responses confirm that this particular pair of neurons share input from some of the same bristles (Figure 3).
(B) During this epoch of the experiment, the fly makes large movements that cause both neurons to depolarize and fire correlated bursts of spikes (e.g., at the
arrow). Fly movement is quantified in a.u. (see Supplemental Experimental Procedures). Movement bouts are shaded in gray. Spike times are represented with
rasters above the raw voltage traces.

(C) During a later epoch of the same experiment, the midline local neuron stops being excited during movement bouts and is instead inhibited by movement
(e.g., at the arrow). This change corresponds to a switch between large movements of multiple legs, to smaller movements of the prothoracic leg.

(D) Same as (A) but for a simultaneously recorded intersegmental and a midline projection neuron.

(E) The same pair of neurons as in (D), but now responding to spontaneous movement. Small periodic twitching movements of the fly’s leg (gray shading) evoke
reliable responses in the midline projection neuron, but not in the intersegmental neuron. The periodic responses of the intersegmental neuron are interrupted by
barrages of inhibitory postsynaptic potentials (e.g., at the arrow). Note the expanded vertical scale of the movement measurements.

(F) During a later epoch of the same experiment, the fly spontaneously switches from twitching to making larger movements of the entire leg. The midline
projection neuron is depolarized during large movement bouts, while the intersegmental neuron responds with sequences of inhibition and excitation at
movement onset (e.g., at the arrow). The inset in the movement trace (bottom) shows periodic movement on a 10-fold expanded vertical scale.

mechanical stimuli, we provoked the fly with a flash of light,
causing it to initiate complex movements. Epochs of large
struggling movements alternated with epochs of low-ampli-
tude squirming. During different epochs, the leg was in a
different part of its movement range, and different parts of
the leg were touched. As the fly transitioned between epochs,
we observed changes in the patterns of correlation among
different VNC neurons.

In the first experiment illustrated here, the fly initially made
large movements of multiple legs. During this epoch, the re-
sponses of an intersegmental neuron and a midline local neuron
were tightly correlated with each other and also correlated
with leg movement (Figure 7B). Later, the fly switched to making
smaller amplitude movements of the prothoracic leg. Now the
activity of the two neurons became anti-correlated: movement
produced excitation in the intersegmental neuron and inhibition
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in the midline local neuron (Figure 7C). Recall that midline local
neurons receive substantial inhibition driven by bristle neurons,
while bristle neuron input to intersegmental neurons is mainly
excitatory; this finding may explain why these neurons can be
anti-correlated during certain epochs.

Inthe second experimentiillustrated here, we also observed pe-
riods of correlated and anti-correlated activity (Figures 7D-7F).
Here, the fly initially made small periodic twitching movements,
during which midline projection neuron spiked on each movement
cycle, while the simultaneously recorded intersegmental neuron
showed more irregular activity and was occasionally hyperpolar-
ized during movement (Figure 7E). Later, the fly switched to
making large movements of the entire leg. Now the relationship
between the two neurons changed: the midline projection neuron
was depolarized during each movement bout, whereas the inter-
segmental neuron responded with an inhibition-excitation
sequence (Figure 7F). Recall that the intersegmental neurons
receive inhibition driven by proprioceptors (Figure 4), whereas
the midline projection neurons do not receive proprioceptive input
(Table S1). This finding may explain why these two cell classes can
be anti-correlated during certain epochs.

These complex mechanical stimuli revealed relationships
among VNC neurons that were not observed in previous exper-
iments with simpler stimuli. Given these complex stimuli, we
found that pairs of VNC neurons were positively correlated dur-
ing some epochs, but uncorrelated or even anti-correlated dur-
ing other epochs. This makes sense if each cell encodes a
distinct feature of the mechanical forces acting on the body.
When these features are temporally correlated, these fire
together; when these features are anti-correlated, these cells
become opponent to each other.

DISCUSSION

In this study, we used somatosensory circuits in the Drosophila
VNC to investigate the neural computations that occur at the first
stages of touch processing. Our results suggest a conceptual
framework for the central integration of peripheral touch signals.
First, signals from peripheral touch receptors are directly trans-
mitted to multiple, parallel processing channels. Within these
channels, spatial selectivity is achieved through integration of
excitatory and inhibitory inputs from touch receptors in different
locations. In parallel, contextual selectivity is achieved by inte-
grating touch signals with information from proprioceptors.

Comparisons as the Building Blocks of Efficient Codes

One idea unites the three CNS cell classes we describe here.
Namely, cells within all three classes are performing compari-
sons—within a limb, across limbs, or between different mecha-
noreceptor types (Figures 4, 5, and 6). These comparisons
encode the difference between mechanical stimuli of different
types, and/or mechanical stimuli at different sites on the body.
In general terms, any neuron with an inhibitory receptive field
component is encoding a comparison. What is notable in our re-
sults is the observation that different central neurons directly
postsynaptic to the same afferent axon are performing a variety
of different comparisons. At the very first synapse of the somato-
sensory system, excitation from a given afferent is being inte-
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grated with inhibition from several different sources, with each
type of comparison occurring in a distinct parallel processing
channel. Collectively, these comparisons span a wide range of
spatial scales, even though they are all being performed one syn-
apse from the periphery.

Encoding sensory information via comparisons brings several
advantages. When a neuron computes the difference between
two input signals, the shared component of those input signals
is suppressed. This arrangement can allow neurons to transmit
finer spatial or temporal features of a stimulus (Srinivasan et al.,
1982) and reduce redundancy among the spike trains of different
neurons (Barlow, 1961), thereby increasing metabolic efficiency
(Niven and Laughlin, 2008). This strategy may be particularly
useful in a system facing an information bottleneck. In this
case, the relevant bottleneck is the neck of the fly, which contains
only ~3,600 axons (Hengstenberg, 1973). Among the cell classes
we study here, one projects directly to the brain (the interseg-
mental neurons), while the others may relay information indirectly
to the brain, as well as participating in local VNC reflex circuits.

Parallel Processing as an Adaptation for Speed

Here, we show that an individual touch receptor axon diverges
to directly contact multiple postsynaptic cell classes, each per-
forming a different parallel computation. Why perform these
computations in parallel, rather than hierarchically? One impor-
tant consideration is the necessity for speed. Speed may be a
particularly important constraint in somatosensory processing,
because the site of sensory transduction (e.g., the foot) can be
relatively distant from the CNS. Because Drosophila axons are
unmyelinated and usually narrow, axonal conduction is likely
to be slow. Indeed, we measured a consistent delay of about
3 ms from the time of a femur bristle neuron spike in the periphery
to the onset of an EPSP in the VNC (Figure S6A). This delay is
presumably even longer for mechanosensory signals arising
from the distal leg, since the axons of tarsus bristle neurons
can be over twice as long as the axons of femur bristle neurons.

Bilateral Comparison across Limbs

Some of the central neurons we describe here—the midline
projection neurons—integrate information from the right and
left legs. Although we observed considerable receptive field di-
versity within this neural population, the general receptive field
structure consisted of ipsilateral excitation, together with mixed
excitation and inhibition from the contralateral leg (Figure 6).
This organization is similar to that of some neurons in vertebrate
spinal cord (Brown and Franz, 1969) and somatosensory cortex
(lwamura, 2000), which integrate excitatory input from one side
of the body with mixed excitation and inhibition from the oppo-
site side.

Bilateral tactile integration is clearly important to some behav-
iors. For example, rats can distinguish the relative distance of
two walls using their whiskers, a behavior that requires activity
in somatosensory cortices of both hemispheres (Shuler et al.,
2002). In a similar manner, integrating touch signals from the
two legs may allow the fly to compare bilateral tactile features.
For example, when faced with a small gap, flies reach forward
across the void with their front legs and attempt to cross only
when both legs have contacted the opposite side (Pick and



Strauss, 2005). Comparison of bilateral somatosensory signals is
also critical for the refinement of rhythmic motor behaviors, such
as crawling in Drosophila larvae (Heckscher et al., 2015).

Integration of Touch and Proprioception

In vertebrates, different types of peripheral mechanoreceptors
have been traditionally considered to be functionally segregated
pathways. Different mechanoreceptor types have been thought
to independently mediate the perception of specific somato-
sensory “submodalities,” such as vibration, stretch, and texture
(Johnson, 2001). However, mounting evidence suggests that
signals from distinct somatosensory submodalities are in fact
combined in the CNS, and most tactile percepts rely on multiple
submodalities (Saal and Bensmaia, 2014). For example, a recent
study found that all areas of somatosensory cortex receive input
from both touch and proprioceptive neurons (Kim et al., 2015).

Where in the somatosensory processing hierarchy are signals
from different mechanoreceptor types first integrated? There is
some anatomical evidence that this type of integration begins
within the dorsal horn of the spinal cord (Abraira and Ginty,
2013; Maxwell et al., 1985). There is also functional evidence
of early submodality integration—for example, some neurons
in the cat spinal cord respond to both skin touch and joint
movement (Wall, 1967), while neurons in the cuneate nucleus
of the brainstem exhibit tactile feature selectivity that is indicative
of submodality integration (Jorntell et al., 2014). In the mouse
brainstem, there are neurons that receive direct convergent
projections from different mechanoreceptor types that inner-
vate the same whisker on the face (Sakurai et al., 2013). How-
ever, despite these examples, little is known about the specific
sites and mechanisms of submodality integration in vertebrate
somatosensation.

Our results provide an example of submodality integration at
the very first stage of somatosensory processing, immediately
postsynaptic to peripheral touch receptors. Specifically, we
found that intersegmental neurons integrate excitatory touch
signals from bristle neurons with inhibition from proprioceptive
neurons in the femoral chordotonal organ. Studies of the femoral
chordotonal organ in larger insects suggest that individual
chordotonal neurons encode movements and static positions
of the tibia (Field and Matheson, 1998). Thus, inhibitory input to
ascending neurons may serve to suppress excitatory touch sig-
nals at specific phases of the walking cycle, or during grooming
behavior. This reafferent signal may function in a manner analo-
gous to corollary discharge, in which efferent motor commands
are used to alter sensory signals that arise from self-generated
movements (Poulet and Hedwig, 2007). Interestingly, a recent
study in larval Drosophila found that nociceptive inputs and pro-
prioceptive inputs can converge at the level of second-order
neurons, and in this case, the interaction is summation rather
than suppression (Ohyama et al., 2015). Together, these results
suggest that integration across submodalities is widespread
and very early in this system, consistent with the evidence in
vertebrates.

Comparison with Other Insect Species
Many features of our data are similar to previous observations in
larger insects such as the locust, cockroach, and stick insect

(Burrows, 1996). For example, a single bristle on the locust leg
can provide direct synaptic input to multiple classes of central
neurons (Burrows, 1992), and the spatial gradients of tactile sen-
sory input in some of these neurons resemble the receptive fields
of the midline spiking neurons in our study. In addition, a study in
the locust described second-order somatosensory neurons that
integrate touch with signals from leg chordotonal neurons (Bur-
rows, 1988). Another described a central neuron that integrates
bristle signals from ipsilateral and contralateral legs (Nagayama,
1990). The morphologies of some of the neurons we identified
resemble the morphologies of previously described locust neu-
rons, including the ascending intersegmental neurons (Laurent
and Burrows, 1988) and the midline local neurons (Burrows
and Siegler, 1984).

By using genetic techniques to identify, target, and manipulate
specific neuron populations, our study builds upon these previ-
ous results in several ways. First, population-level two-photon
calcium imaging allowed us to estimate the total number and
distribution of central neurons that process touch and to situate
our results within that map. Second, optogenetic tools allowed
us to fully catalog the inputs to each central neuron class from
different genetically defined mechanoreceptor types and to
systematically investigate how these inputs are integrated. Third,
by recording from the same genetically identified neurons in mul-
tiple individuals, we were able to build up a cumulative picture of
each cell class and make explicit comparisons between classes.
In the future, because all these neurons are genetically identifi-
able, it should be possible to trace their output connections,
and to identify their functional role within the broader context
of sensory and motor circuits in the VNC. By combining the
classic advantages of insect neurophysiology with new genetic
tools, Drosophila should prove a useful complement to other
model organisms in dissecting the fundamental mechanisms of
somatosensory processing.

EXPERIMENTAL PROCEDURES

Procedures are briefly summarized below. Details (including information on all
genotypes and transgenes) are provided in the Supplemental Experimental
Procedures.

Fly Stocks

Drosophila were raised on standard fly food and kept on a 12-hr light/12-hr
dark cycle at 25°C. All imaging and electrophysiology experiments were
performed on female flies 1-3 days post-eclosion. Flies for all optogenetics
experiments were raised on food supplemented with all-trans retinal.

CNS Electrophysiology and Imaging

A fly was fixed ventral side facing up to the underside of a thin steel platform
perforated with a precision-milled hole. The ventral head and ventral thorax
were partly inserted through the hole so they were accessible from above.
In all experiments except for those in Figure 7, the legs were glued down.
The top side of the platform was perfused with oxygenated saline. A small
hole was dissected in the cuticle of the ventral thorax to expose the protho-
racic neuromeres. The perineural sheath under the hole was removed for
electrophysiological recordings but left intact for calcium imaging. Whole-
cell patch-clamp recordings were targeted to GFP-expressing neuronal cell
bodies using an upright microscope with a 40x water-immersion objective.
Calcium imaging was performed by expressing GCaMP6f in all neurons
and recording fluorescence signals from the VNC with a custom 2-photon
microscope.
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Mechanical and Optogenetic Stimulation

Bristles were mechanically stimulated with a glass pipette mounted on a piezo-
electric actuator. Optogenetic stimulation of mechanoreceptors was achieved
by illuminating the leg with green light (530 nm) through a fiber optic cannula.
The optogenetically stimulated region encompassed 20-80 bristles, depend-
ing on its position on the leg. Although some LexA lines had expression in
central neurons in the VNC (Figure S2), these cells were not directly stimulated
by focal illumination of the leg. We verified that axons of passage were not acti-
vated by the stimuli we used in these experiments (Figure S6B).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2016.01.014.
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