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Chemosensation and mechanosensation cover an enor-

mous spectrum of processes by which animals use

information from the environment to adapt their behavior.

For pragmatic reasons, these sensory modalities are

commonly investigated independently. Recent advances,

however, have revealed numerous situations in which they

function together to control animals’ actions. Highlighting

examples from diverse vertebrates and invertebrates, we

first discuss sensory receptors and neurons that have dual

roles in the detection of chemical and mechanical stimuli.

Next we present cases where peripheral chemosensory

and mechanosensory pathways are discrete but intimately

packaged to permit coordinated reception of external

cues. Finally, we consider how chemical and mechanical

signals converge in central neural circuitry to enable

multisensory integration. These insights demonstrate how

investigation of the interplay between different sensory

modalities is key to a more holistic and realistic

understanding of sensory-guided behaviors.
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Introduction

In the bewildering complexity of the nervous system,
scientists tend to separate individual regions (conceptually,
if not physically) for isolated analysis. This reductionist
approach is powerful because, by tacitly assuming that the
part under study functions largely independently of all others,
it is much easier to relate the role of specificmolecules, cells or
circuits to particular neural processes and behaviors. This
approach is notable in sensory neuroscience, where research-
ers frequently identify themselves as investigators of only, for
example, vision or olfaction. Indeed, the ever-deepening
knowledge and technical expertise required to dissect one
sensory modality can constrain scientists to particular
domains, sometimes for an entire career.

While experimentally practical, reductionist investiga-
tions of sensory biology contrast sharply with the normal
operation of nervous systems, which seamlessly integrate
diverse cues in order to make decisions about how to
respond. Determining the relationships between sensory
modalities is therefore essential to appreciate natural
behaviors. Substantial progress in our understanding of
the molecular and neural basis of individual senses makes it
timely to consider this topic in detail. In this review, we
explore the relationship between two broad modalities,
chemosensation and mechanosensation. Recognizing that
integration of chemical and mechanical stimuli occurs in a
vast array of cellular and tissue contexts [1, 2], we take here
an admittedly reductionist approach: our discussion is
constrained to select examples, from diverse animal model
systems, of sensory integration of environmental chemical
and mechanical cues.

A primer on chemosensation and
mechanosensation

Peripheral chemosensation encompasses olfaction and taste.
Although these two senses are often associated with detection
of volatile and non-volatile chemicals, respectively, the strict
distinction originates in mammals [3]: odors are detected by
olfactory sensory neurons (OSNs) housed within the nose to
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control diverse behaviors such as foraging and social
interactions [4]; tastants are sensed by non-neuronal cells
in taste buds in the mouth, to control feeding [5]. For many
invertebrates, this distinction is blurred. In insects, both
olfaction and taste are mediated by sensory neurons, although
these modalities occur in different external organs [6].
Moreover, “taste” neurons, distributed in various appen-
dages, control a range of feeding and non-feeding related
behaviors [7]. For some animals, olfaction and taste are
indistinguishable: the nematode worm C. elegans detects both
airborne chemicals and those in solution through common
chemosensory neurons [8].

Peripheral mechanosensation includes the senses of
hearing and touch, generally distinguished by their detection
of vibrations (in air or water) or direct physical contact
with external objects/substrates, respectively [9, 10]. While
hearing is contained within a discrete sensory organ in most
vertebrates and insects, touch receptors are broadly distrib-
uted over the body, reflecting diverse sensory functions of this
modality. In this review, we will focus on mechanosensory
processes that have been linked to chemosensation.

Polymodal chemosensory and
mechanosensory neurons and receptors

Despite the fundamental differences in the nature of the
pertinent environmental stimuli, the initial steps of chemo-
sensation and mechanosensation are analogous: binding of a
chemical ligand to, or external force on, a receptor protein �
typically located in the membrane of sensory dendrites �
induces conformational changes and intracellular signal
transduction to lead ultimately to neuronal activation (or
inhibition). Within these two modalities, almost all analyzed
sensory neurons are thought to be responsive either to
chemical or mechanical stimuli (although this has only rarely
been explicitly tested [11]). However, there are some examples
of neurons that are responsive to both chemical and
mechanical stimuli, which may integrate these sensory
modalities at the interface between the environment and
the nervous system.

Polymodal neurons

The best-described polymodal neurons are nociceptors, which
detect stimuli that could cause tissue damage, including
mechanical, chemical, and thermal cues [12]. The polymodal
coding strategy for such stimuli may be because animals do
not necessarily need to discriminate harmful stimuli. The
clearest case of a polymodal nociceptor is in C. elegans, where
the ASH neurons located in the nose are activated by � and
mediate behavioral avoidance of � noxious chemicals and
mechanosensory insult [13, 14]. Many vertebrate cutaneous
C-fiber nociceptors have historically also been considered to
be polymodal, based upon electrophysiological analyses
demonstrating their sensitivity to chemical, mechanical and
thermal stimuli [15]. However, this view has recently been
countered with studies employing in vivo calcium imaging
approaches, as well as behavior assays of animals lacking the

functions of specific cell-types, which suggest that most
C-fiber nociceptors mediate physiological and behavioral
responses to unimodal stimuli [16–18]. The reasons for such
discrepancies remain unclear: on the one hand, electrophysi-
ological recordings exhibit superior sensitivity to calcium
imaging; on the other, neurons analyzed in ex vivo
electrophysiological preparations may display novel, poten-
tially artefactual, response properties [16]. Such novel
sensitivity could equally reflect natural, regulated plasticity
of nociceptor polymodality. For example, tissue damage
might enhance the sensitivity of neurons to stimuli to which
they were previously unresponsive [16, 19].

Many mouse OSNs also display polymodality, responding
to odors and mechanosensory stimuli caused by pressure
changes [20]. Notably, both modalities appear to rely on the
same cAMP-dependent second messenger signal transduction
cascade [20, 21], facilitating sensory synergism: weak
neuronal responses to odors can be enhanced by coincident
mechanosensory stimulation [20]. These properties raise the
possibility that air pressure changes in the nasal cavity during
sniffing can impact odor detection, as discussed below.

A final example of potential polymodality comes from a
population of neurons in the Drosophila antenna (the major
olfactory organ) that expresses the ionotropic receptor IR40a.
These cells were initially shown to respond to ammonia [22],
consistent with the roles of other IR-expressing antennal
neurons in detecting odors [23]. Subsequently, IR40a neurons
were found also to be responsive to changes in air humidity [24,
25]. Notably, the sensory endings of these cells are housed
within apparently poreless cuticular hairs, which suggests that
they are not activated by direct chemical ligand/receptor
interactions but potentially through indirect mechanisms such
as mechanosensation (through humidity-dependent swelling/
shrinkage of sensory structures) and/or thermosensation
(through evaporative cooling) [26]. In this context, the
“chemical” agonism by ammonia or water reveals a way in
which a putative non-chemosensory neuron can still report on
the presence of external chemicals through their influence on
extracellular physical properties of the sensory apparatus.

In summary, although physiological studies have identi-
fied examples of neurons that respond to both chemosensory
and mechanosensory stimuli, it remains unclear whether
these are exceptional cases or if polymodality is more common
than currently appreciated. Furthermore, caution should be
applied when defining neurons as polymodal, if this is based
upon evidence from physiological tuning properties alone.
True mechanical/chemical polymodality necessitates demon-
stration that a neuron mediates behavioral responses to
naturally occurring intensities of these different classes of
stimuli.

Polymodal receptors and receptor families

Although most neurons are probably either chemosensory
or mechanosensory, knowledge of the receptors underlying
these modalities has revealed intertwined identities and/or
functional properties of chemical and mechanical molecular
sensors (Fig. 1). One repertoire of ion channels with
roles in both chemosensation and mechanosensation is the
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Degenerin/Epithelial Sodium Channel (DEG/ENaC) family. In
mammals, different family members have been related to
gustatory sensing of salt [27] and nociceptive detection of
acids (by the proton-gated Acid-Sensing Ion Channel (ASIC)
subfamily) (Fig. 1) [28]. Distinct DEG/ENaC family members
are implicated in mechanosensation, but it is not yet clear

whether they are peripheral sensors [29]. By contrast,
invertebrate DEG/ENaC homologs � including C. elegans
MEC-4 and MEC-10 [30, 31], and Drosophila Pickpocket
(PPK) [32, 33] � are key components of the mechanosensory
transduction machinery. Other PPK family members in
Drosophila, however, function in gustatory detection of
contact pheromones [34–37], although proof that these
are the ligand-activated chemosensory receptors awaits. Yet
another homolog, PPK28, is a gustatory water sensor [38, 39].
Interestingly, this channel confers osmosensitivity when
expressed in heterologous cells [39], raising the possibility
that, like the mammalian osmosensor TRPV4 [40, 41], PPK28
detects water through an indirect, mechanosensory mecha-
nism. On-going structural and biophysical dissection of DEG/
ENaC channels [31, 42] should help illuminate how different
family members can be activated by distinct types of stimuli.

A second class of polymodal receptors is the Transient
Receptor Potential (TRP) family of ion channels, which are
widely appreciated for their diverse roles in chemosensation
andmechanosensation, as well as thermosensation and visual
transduction [43, 44]. Structural information has begun to
reveal the molecular basis of their polymodality. Mechanical

Figure 1. Sensory receptor families with chemosensory and mecha-
nosensory functions. Left: Schematic structure of different families
of neurosensory receptors (Degenerin/Epithelial Sodium Channels
(DEG/ENaC), Transmembrane Channel-Like proteins (TMC) and
Ionotropic Receptors (IR)), each of which contain members known
or suspected to function as chemosensory and/or mechanosensory
receptors (see text for details). Right: Schematic of proposed gating
mechanisms of members of the Transient Receptor Potential (TRP)
family of receptors by mechanical and chemical stimuli. For some
channels, mechanical (NOMPC) or chemical (TRPA1) signals are
mediated via the N-terminal domain, raising the possibility of similar
activation mechanisms, but in other chemosensory TRPs (e.g.
TRPV1), chemical agonists bind to distinct regions. TRP/TRPL
channels are thought to function in visual transduction through
gating by light signal-dependent changes in the sensory mem-
brane’s mechanical properties, but how this leads to channel
opening is unclear.
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activation in some members of the family, such as the
Drosophila TRPN channel NOMPC, depends on the cyto-
plasmic N-terminal domain [45, 46]. This domain, which
contains multiple ankyrin repeats, is tethered to the
microtubule cytoskeleton and transmits forces exerted
through mechanically-evoked cell deformation (Fig. 1) [47].
Intriguingly, other Drosophila family members, TRP and
TRPL, which function downstream of rhodopsin photo-
receptors in the visual transduction cascade, are thought to
be mechanically gated by second messenger-dependent
changes in membrane tension (Fig. 1) [48]. This finding has
led to a hypothesis that mechanical gating is a unifying
activation mechanism for this family [47]. Indeed, some
chemical agonists of mammalian TRPA1 covalently modify
cysteines within the N-terminal region of this channel
(Fig. 1) [49], raising the possibility that this chemical reaction
leads to conformational changes that open this channel in a
similar way as mechanical force gates NOMPC. However,
TRPA1, as well as TRPV1, are rather promiscuous chemical
nociceptors (as well as critical thermosensors), with binding
sites for different ligands mapped to various intracellular and
extracellular regions (Fig. 1) [44]. These observations suggest
that chemical activation of TRP channels may occur through
multiple mechanisms that are not necessarily related to
mechanosensory-mediated gating.

Do the known cases of polymodal neurons rely on
polymodal receptors? Ironically, for the clearest example, C.
elegans ASH neurons, the receptors for most agonists are
unknown. Likemany sensory neurons in theC. elegansnervous
system,ASHexpressesmultiple candidate receptor genes [8], so
it is possible that different modalities are mediated by distinct
receptors. The best characterized is Transmembrane Channel
Like-1 (TMC-1) (Fig. 1), which was initially proposed to be a
sensor of high salt concentrations [50]. However, a later study
could not reproduce these observations and provided evidence
that TMC-1 mediates noxious alkali detection instead [51].
Interestingly, the sole TMC homolog in Drosophila has been
implicated inmechanosensation ([52, 53]; seebelow) and twoof
the eight mammalian homologs form part of the mechano-
sensory transductionmachinery in theauditory system [54–56].
It remains to be determined whether TMC proteins are
polymodal receptors, or simply have species/isoform-specific
properties.

In mammalian OSNs, both chemosensitivity and mecha-
nosensitivity depends upon the Odorant Receptor (OR) they
express [21]. While odor-dependent activation of these G
protein-coupled receptors (GPCRs) is, at least partly,
understood [57, 58], the molecular basis of their mechano-
sensitivity is less clear. One hypothesis is that mechanical
stimuli deform OSN membranes to modulate the spontane-
ous (i.e. ligand-independent) transition of ORs between
inactive and active conformations to stimulate neurons [21],
similar to proposed (but unproven) mechanisms for stretch-
activated GPCRs [59, 60].

Physiological responses of Drosophila humidity-sensing
neurons depend upon IR40a [22, 24, 25], which is distantly
related to ionotropic glutamate receptors, a family of ligand-
gated ion channels [23]. However, if, as discussed above,
these neurons are not directly accessible to chemicals, it is
conceivable that IR40a is activated in a ligand-independent

manner. Another family member, IR21a, functions in
thermosensation [61], which provides a potential precedent
for such an activation mechanism.

In conclusion, growing evidence indicates that nearly all
families of neurosensory receptors contain members that
respond to either chemosensory or mechanosensory stimuli.
There are also several examples of receptors activated by both
types of cues. Study of such polymodal receptors, as well as
structure/function analysis of unimodal receptors, may help
to clarify the similarities and differences in chemical and
mechanical stimulus-dependent activation mechanisms.

Polymodal chemosensory and
mechanosensory organs

While potentially only a small fraction of peripheral sensory
neurons encode both chemosensory and mechanosensory
cues, modality-specific neuron populations are often found in
common sensory organs. In most cases, it is unclear if and
how this co-packaging serves a beneficial function in sensory
integration (as opposed to a simple consequence of evolution
and development). However, investigations in two areas �
food texture detection and the impact of fluid dynamics on
olfaction� have begun to reveal how the intimate grouping of
different sensors can facilitate integration of chemical and
mechanical stimuli.

Taste and texture sensing

Studies of the sensory control of feeding behavior in animals
have largely focused upon the chemical constituents of food.
Essential nutrients, such as sugars and amino acids, are
detected by sensory pathways that promote feeding, whereas
noxious chemicals, such as products of pathogenic microbes
or plant defense compounds, are sensed by distinct channels
that suppress feeding [5, 62]. Mechanical properties of food
(e.g. hardness, viscosity, stickiness) � collectively referred to
as texture [63] � provide additional critical information on
food quality, such as its state of ripeness or decay, and how
easy something will be to masticate, swallow and digest.
Despite its importance, the neurobiological basis of texture
detection and its integration with chemosensory-guided
feeding responses is only now being defined, mainly through
work in Drosophila [53, 64, 65].

As in other insects, the main sensory organ involved in
food assessment and ingestion inDrosophila is the labellum of
the proboscis (Fig. 2). The surface of this appendage bears a
number of cuticular sensory hairs, or sensilla, each of which
houses a cluster of sensory neurons (Fig. 2B) [66]. Most of
these neurons are chemosensory, tuned to specific classes of
tastant (e.g. sugars or bitter/toxic compounds). One of these
neurons is, however, mechanosensory, and expresses the TRP
channels NOMPC [65] and, probably, Nanchung [64] (Fig. 2B).
Genetic manipulations of these neurons and channels
demonstrate their importance to allow flies to distinguish
preferred softer food from less attractive, harder sub-
strates [64, 65]. Notably, harder food is less appealing
even if it contains higher concentrations of sugars [64, 65],
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implying that these animals integrate chemosensory and
mechanosensory signals when deciding what to eat. How are
these signals integrated? One possibility is that the gustatory
and mechanosensory neurons housed within a common
sensillum exhibit non-synaptic communication (e.g. ephaptic
coupling), as observed in compartmentalized OSNs [67].
Alternatively and/or additionally, sensory integration may
occur in the subesophageal zone in the brain, where both

gustatory and mechanosensory neurons project [64, 65]. In
support of this possibility, artificial activation of the
mechanosensory neurons decreases sugar-evoked calcium
responses in the terminal of sweet-sensing gustatory
neurons, with evidence that this may be mediated via the
inhibitory neurotransmitter GABA [64]. The extent of direct
(synaptic) contact between mechanosensory and sugar-
sensing neuron axon terminals is unclear [64, 65], so it
is possible that this effect is mediated primarily via
interneurons.

In addition to the mechanosensory neurons within each
sensillum, the labellum also contains a pair of force-activated
multidendritic neurons, whose processes contact the internal
surface at many points of the labellar cuticle (Fig. 2B) [53].
These neurons express a TMC homolog (see previous section),
which is important for flies’ feeding preferences on solid and
liquid food of different textures. Interestingly, calibrated
artificial activation of these neurons suggests that they encode
textural properties in an intensity-dependent manner: weak
activation leads to extension of the proboscis (a behavior
reflecting engagement to feed), while strong activation
suppresses proboscis extension, even when flies are also
presented with sugar [53]. The neuronal mechanism by which
these neurons interact with sugar-sensing pathways is
unknown, as is their anatomical and functional relationship
with sensillar mechanosensory neurons.

Together, these studies define a promising model to
understand how chemical and mechanical stimuli are
integrated within a common feeding organ. Morphologically
(and probably functionally) related sensilla are found on other
appendages, including the legs, wing margins and ovipositor
(Fig. 2A) [7]. It seems very likely that similar coincident
detection of chemical and mechanical cues occurs when
Drosophila (or other insects) walk on substrates [68], exhibit
sexual/social interactions [69, 70] and lay eggs [71, 72].
Compartmentalized mechanosensory and chemosensory neu-
rons are also observed in highly specialized sensory organs of
other species, such as the skin piercing stylet at the tip of the
proboscis of mosquitoes [73], or the stinger of the parasitoid
jewel wasp. In the latter, appropriatemechanosensory input is
important for dictating the persistence of the stinging
behavior [74].

In humans, food texture has high aesthetic value [63],
and is of consequent importance for the food industry [75].
Convergence of sensory representations of taste and textural
stimuli has been documented through electrophysiological
recordings in the primary taste cortex (anterior insular/
frontal opercular) of primates [76] but the peripheral
mechanisms of texture detection are essentially unknown.
One candidate neural substrate for texture assessment is the
trigeminal nerve, as its dual role in sensation and control of
motor actions such as biting make it well-placed to
coordinate detection of mechanical properties of food with
mastication and swallowing [77]. Ultrastructural and/or
electrophysiological analyses have identified mechanosen-
sory neurons in the palate of birds [78] andmammals [79–82],
as well as mechanosensitive fibers in the tongue [83–85].
However, determination of the role of any these mechano-
sensors in texture detection awaits.

Figure 2. Texture sensing by a Drosophila gustatory organ.
A: Taste sensory hairs (sensilla; white dots) are found on various
appendages in Drosophila melanogaster (false-colored scanning
electron micrograph image courtesy of Jürgen Berger, Max Planck
Institute for Developmental Biology). B: Schematic of the labellum
(the distal end of the proboscis) depicting the distribution of taste
sensilla, with a close-up view of a single sensillum on the right. Each
sensillum contains 2–4 gustatory sensory neurons (grey), and one
mechanosensory neuron (red) (expressing the TRP channels
NOMPC, and possibly Nanchung) [64, 65]. In addition, a single
multidendritic mechanosensory neuron expressing TMC (green) on
each side of the labellum extends highly-elaborate dendritic arborisa-
tions under the cuticle [53]. Gustatory sensory neuron dendrites
project into the hair; the sensillum mechanosensory neuron projects
to the base of the hair and is sensitive to bending of the hair upon
contact with a substrate. The multidendritic mechanosensory neuron
makes multiple contacts with the inner surface of the labellum
cuticle, allowing it to sense external pressure on this appendage.
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Olfaction and mechanosensory detection of fluid
dynamics

Olfactory organs do not come into direct contact with sources
of chemical stimuli. Nevertheless, they are exposed to
mechanical stimuli through the aerodynamic (or, for aquatic
animals, hydrodynamic) properties of the odor plumes that
carry chemicals from the source to OSNs. For small animals,
such as flying insects, aquatic crustaceans and fish, these
plumes � created by wind or water turbulence � comprise
unpredictable spatiotemporal patterns of odor filaments,
which result in intermittent reception of chemical stimuli by
olfactory receptors [86, 87]. Fluid dynamics are further
complicated by the influence of the sensing animal itself on
the local environment, for example, by insect wing beating,
and by crustacean or insect antennal “flicking” (a behavior
that is thought to remove boundary layers to enhance odor
exposure [87] and/or to facilitate odor localization [88]).
Together these properties render tracking of the source of an
odor stimulus much more difficult than in a uniform chemical
gradient.

Evidence from aquatic and terrestrial invertebrates has
revealed several ways in whichmechanosensory signalsmight
play a role in facilitating odor detection and tracking. In flying
insects, air movement provides key information for naviga-
tion [89]. Although airflow detection is mediated by a purely
mechanosensory structure (the Johnston’s organ), this is
located in the insect antenna adjacent to the segment(s) that
mediate odor detection [90, 91]. Analogously, in molluscs,
there is behavioral evidence for the integration of chemical
and water flow signals [92] and presumed olfactory and
mechanosensory subsystems are both housed in the rhino-
phore, the most prominent head sensory organ [93]. In these
cases it remains unclear whether the close apposition of
olfactory and mechanosensory structures in invertebrates has
any significance for peripheral sensory processing.

More intimate interactions between olfactory sensory
detection and fluid dynamic-dependent mechanosensory
input have been implied through the ultrastructural and/or
electrophysiological identification of mechanosensory neu-
rons within olfactory organs themselves. Such interactions
have been most extensively explored in crustaceans [94, 95].
Notably, recordings from olfactory interneurons in crayfish
have revealed an influence of both odor and hydrodynamic
stimuli on the temporal dynamics and magnitude of their
responses [96]. These observations suggest that central
perception of odor stimuli reflects not only chemical identity
and intensity, but also the stimulus in the context of water
flow across the olfactory structures. In insects, mechanosen-
sory neurons have been observed in the olfactory organ
sensilla of many species [97–99]. The functional significance
of their input is, however, unclear. In the moth, Manduca
sexta, air currents can suppress the activity of many second
order interneurons in the olfactory circuitry [100]. Although it
was not formally established that this suppression is due to
the input of mechanosensory afferents from the antennae,
these data raise the possibility that olfactory organs integrate
odor and mechanical stimuli to produce central representa-
tions of specific stimuli. The impact of such integration on
odor-guided behavior remains to be determined.

The complex relationship between olfaction and fluid
dynamics in small animals � in which the entire organism
or external olfactory sensory organ moves through the
odiferous environment � poses the question of how olfactory
cues integrate with aerodynamic signals in larger animals. In
vertebrates, odors are actively sampled by sniffing, in which
respiratory centers regulate inhalation of air by internally
located olfactory organs. Electrophysiological studies in mice
have revealed that the phase of the “sniff cycle” can strongly
influence the activity patterns of both OSNs and second-order
interneurons [101, 102]. Such modulation is likely to be due to
many factors, including both the number of odor molecules
carried to olfactory receptors in the airflow and sensory input-
independent central circuit dynamics [102]. However, analo-
gous to the impact of texture on gustatory perception of food,
it is also interesting to consider to what extent sniffing-
dependent pressure changes in the nasal cavity contribute to
modulation of neural representations of odor stimuli. To
determine the influence of external mechanical input,
identifying the underlying sensory basis of pressure detection
will be necessary. As this capacity may reside in the
mechanosensitivity of many OSNs themselves [20, 21] (see
previous section), it may be very challenging to separate the
contributions of chemosensory and mechanosensory path-
ways. Furthermore, while sniffing influences odor stimulus
discrimination in experimental assays [101], the behavioral
significance of mechanosensory input to the olfactory system
in natural situations is likely to be harder to ascertain.

Neural circuit integration of
chemosensory and mechanosensory
stimuli

Many behaviors rely on the central integration of chemical and
mechanical signals that are detected by distinct peripheral
sensory organs to create a unified perception of the source of a
stimulus. This capacity is particularly important during
interactions of an individual with other animals, such as
potential mates, kin, competitors or predators, whose reliable
discrimination may only come from a combination of sensory
cues. The best-understood examples of this type of integration
are in Drosophila, where high-resolution behavioral analyses,
circuit mapping and functional interventions have provided
some of the first insights into the mechanisms of polymodal
integration at the level of neural circuits.

Sensory integration during inter- and intra-
specific interactions

Recent work in the Drosophila larva has started to reveal how
mechanosensory and nociceptive information is integrated to
mediate escape behaviors from predators (Fig. 3A). In the
presence of a mild mechanical stimulus alone � which might
occur in diverse, harmless situations in nature � larvae
typically respond with a fast-crawling movement [103]. By
contrast, when multiple mechanical and chemical or thermal
nociceptive cues are presented � which may resemble the
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interaction with a parasitoid wasp � larvae exhibit a more
elaborate, “rolling” escape behavior [104–106]. These stimuli
are detected by discrete peripheral sensors: mechanical stimuli
byneurons in thechordotonal organswithin eachsegment, and
nociceptive chemical and thermal cues by multidendritic

neurons that tile the larval body wall [103, 105–107]. Electron
microscopic reconstruction of the interneuron network down-
stream of these peripheral sensors revealed that integration of
mechanical and nociceptive signals occurs at several levels in
the circuitry, including first, second and third order
interneurons as well as command neurons that trigger rolling
(Fig. 3A) [108]. Optogenetic activation experiments indicated
that individual nodes within this network of multi-level
convergent projections have distinct roles in inducing or
facilitating particular actions. Thus, even an apparently simple
(albeit vital) innate behavior can rely on complex integration
mechanisms that begin near the sensory periphery.

In adult Drosophila, courting males and females rely on
numerous chemical andmechanical signals to determine each
other’s presence and suitability as mating partners [69, 109].
Pheromone cues can be both volatile and non-volatile,
produced by males and/or females (reviewed recently in
Refs. [69, 110]), while acoustic cues comprise male courtship
song (produced by vibration of one wing) [111], as well as
acoustic or seismic cues produced bymoving female flies [112].
Although the precise mechanism by which this polymodal
information is integrated is still unclear, anatomical and
functional studies point to the P1 neurons in the brain as
candidates for mediating sensory integration and behavioral
action selection [69, 113, 114]. A related, sexually-dimorphic
social behavior, aggression, is also modulated by chemical
and auditory signals [115, 116]. Interestingly, integration of
these cues may also occur in P1 neurons [117], raising the
question of how these central neurons are differentially
regulated to trigger alternative behaviors. Study of this
problem in the relatively compact Drosophila brain may help
us to address conceptually similar processes in rodents, where
multisensory integration of chemical and auditory signals
(from vocalizations) may control both mating and fighting
behaviors [118, 119].

Figure 3. Neural circuit motifs underlying chemosensory and
mechanosensory integration. A: Schematic representing multimodal
connectivity of escape behavior circuitry in the ventral nerve cord of
the D. melanogaster larva. Co-ordinate reception of mechanical and
nociceptive signals � as might occur during attack by a parasitoid
wasp � by discrete sensory pathways (blue and red, respectively)
are transmitted to first-order “Basin” interneurons; multimodal
integration already occurs within some of these neurons (purple).
Successive transmission and integration occurs in higher-order
interneurons, ultimately connecting to “Goro” command neurons,
which induce rolling, a stereotyped escape behavior [108]. Arrows
indicate excitatory connections; squares indicate connections of
unknown sign. B: Chemosensory regulation of touch sensitivity in C.
elegans. Top: Upon continuous touch stimulation (vibration), touch
receptor neurons (TRNs) quickly habituate. If the stimulus is
prolonged, those neurons become sensitized. Bottom: In the
presence of stressors such as high salt or hypoxia (detected through
unknown chemosensory pathways), TRN sensitivity is decreased.
This is due to the decreased release of insulin-like peptides (INS)
controlled by ASE interneurons (in high salt conditions) or I5
interneurons/M4 motoneurons (in hypoxic conditions) [124]. C:
Cross-modal plasticity of mechanosensation and chemosensation in
C. elegans. Top: AWC chemosensory neurons inhibit AIY interneur-
ons, which normally suppress turns and reversals of the animal.
AWC is activated in the absence of food odors [129], and the
consequent inhibition of AIY promotes these behaviors to facilitate
relocation of an odor source. Bottom: In the absence of sensory
input from TRNs (due to loss of the mechanosensory receptor MEC-
4), AWC more strongly inhibits AIY, through the reduced production
of the FMRFamide neuropeptide FLP-20 by the TRNs. Thus, without
this touch response, the increased propensity of animals to turn/
reverse in the absence of olfactory cues enhances their ability to
relocate odor sources [123].
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Even “simple” single stimulus-evoked behaviors are
subject to modulation upon additional sensory input
emanating from other animals. For example, in adult
Drosophila, avoidance of an aversive odorant is strongly
enhanced by increasing group density [120]. This effect
depends upon tactile interactions between individuals, where
activation of mechanosensory neurons in the appendages
during inter-individual encounters provides a spatial cue that
influences the collective movement of the group of flies. How
chemical and mechanical inputs are integrated centrally is
unknown. However, the observation that these tactile
interactions can, at least in part, promote movement away
from the odor in animals that are anosmic to the stimulus,
suggests that the circuits underlying mechanosensory-
directed locomotor responses are partially independent of
those mediating odor-evoked avoidance [120].

Cross-modal plasticity

Integration of mechanosensory and chemosensory pathways
may also occur in other contexts, where excessive activation
or loss of one type of input results in changes in how another is
perceived. While this phenomenon is well-appreciated in
humans [121, 122], studies in C. elegans have provided themost
detailed insights into underlying neuronal and molecular
mechanisms of cross-modal plasticitiy [123, 124]. As the worm
navigates through the environment, it relies on touch receptor
neurons (TRNs) to detect gentle mechanical stimuli. TRN
sensitivity is, however, plastic: worms exposed to continuous
vibrations have increased TRN responses, while animals
grown under high salt concentrations or hypoxia display
reduced touch responses [124]. Although the sensory path-
ways signaling these chemical stressors have not been
determined, the cross-modal modulation occurs via chemo-
sensory-dependent control of the expression of insulin-like
peptides in neurohormonal cells, which directly control TRN
sensitivity (Fig. 3B). The adaptive advantage of this modula-
tion might be to focus the worm on the immediate sensory
challenges so that it is not distracted by less relevant
mechanosensory input while it tries to escape adverse
conditions. In a similar type of study with Drosophila larvae,
mechanosensory disturbance � in the form of high frequency
“buzzes,” perhaps reminiscent of the sound of parasitoid
wasps � reduced behavioral responses to attractive
odors [125].

A complementary investigation in C. elegans investigated
the impact of the loss of functional TRNs on chemosensory
detection [123]. In these mechanosensory-deprived animals,
behavioral responses to food odors mediated by one chemo-
sensory neuron type, AWC, were enhanced. The cross-modal
plasticity again appears to be mediated by neurohormonal
signaling: inactive TRNs release reduced levels of an
FMRFamide-related neuropeptide, FLP-20, which leads to a
strengthening of the synaptic connections between AWC and a
downstream interneuron, AIY, to promote enhanced food
odor-seeking (Fig. 3C).

In summary, while research on circuit integration of
chemosensory and mechanosensory stimuli is still in a
nascent phase, early insights illustrate how peripherally

segregated sensory inputs may rapidly (and repeatedly)
converge within downstream interneurons. Moreover, neuro-
chemical communication between neurons that are not
directly connected can underlie another mechanism of
cross-talk between these sensory modalities.

Conclusions

Animal behaviors in nature depend upon the constant
detection and integration of myriad environmental cues.
Yet, in an effort to derive causal relationships between genes,
circuits and behaviors, many laboratory studies strive to
simplify sensory input, often to a degree where it can be
debated how natural the resulting behaviors are. With
advances in our understanding of different modalities,
neuroscientists are becoming more attuned to the limitations
of reductionist approaches to sensory-evoked behaviors [126,
127]. By surveying in this review how animals’ responses to the
environment depend upon the integration of just two different
types of stimuli � chemical and mechanical � we reveal a
complex relationship between these modalities at the
molecular, circuit and behavioral level. It is clear that we
have only just started to understand multisensory integration
in a meaningful mechanistic way. Notably, many of the recent
advances have come from invertebrate genetic models, where
the deep knowledge of sensory biology and experimental
accessibility allows us to approach the substantial challenge
of reconstructing a holistic picture of nervous system function.
However, it is likely that principles established in suchmodels
will help guide dissection of the integration of these (and
other) sensory modalities in more complex nervous systems.
Moreover, continued exploration of non-traditional model
species [128] will undoubtedly offer unexpected insights into
how nervous systems exploit the wealth of information in the
environment.
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