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Noxious (harmful) stimuli are detected by a specialized sensory process
known as nociception, which typically evokes defensive behaviours to
minimize tissue damage. While sensitization of nocifensive responses by
intense or repetitive stimuli is well-documented in insects, instances of
deliberate nociceptive suppression are relatively unexplored, particularly
within natural behavioural contexts. Here, we describe a behavioural
state in the tobacco hornworm (Manduca sexta), termed the ‘sphinx” state,
characterized by a distinct ventrally curled posture of the head and
thorax following gentle disturbance. One of the striking characteristics
of this state is that the larvae exhibit reduced responsiveness to noxious
stimuli, indicating nociceptive downregulation. We also observe an overall
reduced behavioural responsiveness to innocuous stimuli. Our surgical
experiments show that the cerebral ganglion is essential to initiate
the sphinx state. Overall, this discovery reveals a novel instance of
active behavioural modulation in insects and highlights the flexibility of
nociceptive responses, challenging the notion of nociception as strictly
hard-wired and stereotyped.

1. Introduction

Most animals are under strong selection to survive threats, including
predation, parasitism and pathogens, leading to the evolution of several
defensive phenotypes. Larval lepidopterans are slow and extremely vulner-
able to predation during the most important activity of their life stage,
feeding [1]. Chemicals act as a primary mode of defence in these animals,
via allelochemical sequestration and immune responses that encapsulate
parasitoid larvae and other pathogens. In addition, the caterpillars employ
various morphological and behavioural adaptations against these threats [2].
Using integumental structures such as spines and hairs, larvae can strongly
adhere to leaf surfaces and protect their exposed appendages from potential
attacks. Coloration is also used protectively by signalling unpalatability via
bright warning pigmentation or by cryptic patterning to match their sub-
strate and inedible objects. Finally, caterpillars can mimic organisms that are
dangerous to their predators [3].

Instances of static crypsis and mimicry are likely to be successful defensive
strategies only if normal movements are suppressed. For example, thanato-
sis or ‘death feigning’, a common behavioural state to escape predation,
is accompanied by significant drops in heart rate, respiratory rate and
body temperature in the American opossum [4], while drastically dimin-
ished abdominal ventilatory movements are observed in several insects [5].
In addition to the suppression of baseline physiological activity, tolerating
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noxious stimuli would be critical to maintain the facade of thanatosis, as nociceptive responses are often vigorous and rapid in
nature.

Manduca sexta exhibits a well-defined and adaptable nociceptive system, making it a valuable model for studying how
organisms detect, respond to and modulate noxious stimuli. Manduca larvae exhibit an extensive repertoire of nocifensive
behaviours including withdrawal, strike, cocking, thrashing and quivering [6]. These responses vary depending on the stimulus
location along the anteroposterior axis of its body [7]. Stimulating the head or thorax with a noxious stimulus causes ‘withdra-
wal” away from the stimulus. Conversely, the larvae rapidly ‘strike” with their head when the posterior segments are stimulated.

Our study identifies and characterizes a behavioural state marked by a distinctive posture in M. sexta. Termed “sphinx’
state, this behaviour represents a rare instance of deliberate and reversible suppression of nociceptive responses in insects. We
specifically investigated three questions: (i) how do we reliably induce sphinx state, (ii) is the brain essential for transition into
sphinx state, and (iii) how is behavioural responsiveness to both noxious and innocuous stimuli affected during sphinx state?
We examined these questions using surgical and behavioural experiments. We first evaluated the tendency of larvae to assume
the sphinx posture in response to various mechanical stimuli. Next, to assess the role of central neural input, we surgically
transected the nerve connectives to the head ganglia, which showed that brain connectivity and thus descending neural input
are essential for initiating the sphinx state. Finally, we examined behavioural modulation during the sphinx state by measuring
defensive responses to noxious stimuli as well as proleg withdrawal reflexes (PWR) to planta hair touch. Notably, during the
sphinx state, larvae exhibited a selective and reversible suppression of nociceptive responses, along with partial suppression
of responsiveness to innocuous touch on the planta hair. Although this behavioural state has been briefly noted in previous
studies, it has not been systematically characterized to date. These findings reveal a previously unrecognized form of sensory
modulation in insects and suggest that invertebrate nervous systems can exert strong state-dependent control over defensive
responsiveness.

2. Results

(a) ‘Sphinx’ state in caterpillars

Upon tactile disturbance, M. sexta larva adopts a motionless stance with thoracic legs held tightly against the body and the
head drawn underneath (figure 1a), giving the impression of swollen anterior segments (henceforth, the ‘sphinx” posture). The
caterpillar’s body during this state is more turgid than during active crawling or resting.

(b) Sphinx state is induced by mechanical stimulation/disturbance

The sphinx state can be reliably triggered through various mechanical disturbances (figure 1c). Interestingly, the sphinx state
was most frequently triggered by translational movement of the substrate (figure 1b). However, as the head-tap stimulus
kept the animal in a fixed position and was highly reproducible, it was used for the subsequent experiments. The tap force
consistently shows a fast, transient component (approx. 5 ms long) followed by a slower, longer lasting component of the
stimulus (figure 1d).

(¢) Manduca sexta does not enter sphinx state spontaneously

To determine whether the sphinx state is an ‘evoked” response or a ‘spontaneous’ one, we monitored instances of sphinx states
in caterpillars that were left undisturbed for an extended period. Our observations indicated that when they were separated
from external mechanosensory stimuli for 24 h, none of the 20 larvae entered the sphinx state; instead, they were only observed
engaging in crawling, feeding and defaecating. This suggests that the sphinx state is an ‘evoked’ response that is initiated on
sensing an external stimulus.

(d) The brain is essential to enter the sphinx state

To investigate the role of descending control of the sphinx state, we surgically severed the connection between the suboeso-
phageal ganglion (SEG) and the prothoracic ganglion (‘decerebrate’) and observed its effect on the likelihood of sphinx state
induction. These observations were compared to sham (surgical protocol minus severing) and control (intact animal) groups. To
further examine the role of the brain, we introduced another treatment group where we severed the neural connection between
the brain and the SEG (‘brain-cut’). Both the brain-cut and decerebrate groups were significantly less likely to enter the sphinx
state relative to the control group (brain-cut: z = -3.36, p = 0.0008; decerebrate: z = -2.36, p = 0.018, Firth’s logistic regression,
figure 2). The sham and control groups did not show a significant difference (z = 1.31, p = 0.189, Firth’s logistic regression),
indicating that the brain is essential for the sphinx state and the SEG alone is not sufficient to initiate it.

(e) Caterpillars are less responsive to noxious stimuli in the sphinx state

Manduca larvae in the sphinx state were significantly less likely to respond to a noxious stimulus (z = 2.57, p = 0.009, binomial
generalized linear mixed model (GLMM), figure 3a, n = 11 larvae, 119 trials). Since A6 (sixth abdominal segment) and T2
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Figure 1. Quiescent ‘sphinx’ state is induced by mechanical stimuli in Manduca sexta. (a) ‘Sphinx’ posture (right) features ventral curling of the head and thorax,
unlike the active posture (left, with body plan). Black paint spots on the sixth abdominal segment (A6) and the second thoracic segment (T6) mark areas for thermal
stimulation. (b) Sphinx state is induced by various mechanical stimuli. (c) Description of the stimulus methods. (d) Overlaid head-tap force traces aligned to stimulus
onset. Red bar marks the fast, transient phase; black bar marks the slower, sustained phase.
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Figure 2. Brain connectivity is essential for initiating the sphinx state. Decerebrate (connection between SEG and prothoracic ganglion cut) and brain-cut (connection
between brain and SEG cut) larvae do not enter the sphinx state. SEG: suboesophageal ganglion.

\l
(&)
1

BRAIN —1'
Brain-cut—" ’

SEG

(@)
o
L

Decerebrate

°© 9

n=26

N
(@)
1

o
1

Proportion of Sphinx Induced (%)

(second thoracic segment) stimulation reliably trigger the distinct behaviours of strike and withdrawal, respectively [7], we
were able to assess how the sphinx state affects these behaviours. There was no interaction between the stimulated site (T2 or
A6) and the behavioural state, indicating that strike and withdrawal were not differentially affected by the sphinx state (z =
1.643, p = 0.100, binomial GLMM). As the sphinx state significantly suppressed overall nociceptive responsiveness, and there
was no differential effect on strike versus withdrawal, we conclude that both behaviours were significantly reduced in the
sphinx state. We further tested whether sphinx-mediated nociceptive suppression persisted under longer stimulation durations
by assessing responses at 400 and 500 ms in the same animals across both behavioural states. There was a significant main
effect of behavioural state (z = 2.088, p = 0.037, binomial GLMM, figure 3b, n = 20 larvae, 80 trials), indicating that suppression
of nocifensive responses during the sphinx state remained robust at longer durations. No significant interaction was observed
between behavioural state and stimulus duration (z = 0.624, p = 0.53, binomial GLMM), suggesting that the effect of the
sphinx state was consistent across both durations. There was no significant difference in responses between the 400 and 500
ms stimulus durations, indicating that the stimulus duration within this tested range does not strongly modulate behavioural
outcomes.
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Figure 3. Caterpillars are less behaviourally responsive to noxious and innocuous stimuli in the sphinx state. (a) Caterpillars in sphinx state have significantly fewer
nociceptive responses (p = 0.009, binomial GLMM, n = 11 larvae, 60 trials for T2, 59 trials for A6). (b) Significant nociceptive suppression continues at moderate (400
ms) and high (500 ms) stimulus duration (p = 0.037, binomial GLMM, n = 20 larvae, 80 trials). (c) Full proleg withdrawal reflex in response to planta hair stroke is
significantly reduced in the sphinx state (p = 0.008 (Bonferroni-corrected), n = 10 larvae, 101 trials).

(f) Caterpillars in the sphinx state have reduced responsiveness to the proleq withdrawal reflex

The PWR is a reliable and well-studied reflex with a well-characterized underlying neural circuit [8]. At rest, the prolegs
of the Manduca larva are extended. Responses to planta hair stimulation evoke a “partial withdrawal” when the crochets are
disengaged, and ‘full withdrawal” when the proleg is retracted completely away from the substrate [8]. Larvae in the sphinx
state have a significantly reduced proleg withdrawal response (x> = 11.373, p = 0.003, Pearson’s x*-test, figure 3c, n = 10 larvae,
101 trials). Furthermore, analyses revealed some interesting patterns. First, larvae in the sphinx state exhibit significantly lower
“full withdrawal’ reflex compared with when they are active (p = 0.008, figure 3c). Second, the proportion of ‘no withdrawal’ is
not significantly different across active and sphinx states, indicating that the animals do not show differences in sensitivity to
stimuli (p = 0.20).

3. Discussion

Our study identifies and describes the ‘sphinx’ state, frequently observed in many lepidopteran larvae. Noted in past studies as
a resting posture [6,9], our study is the first to characterize it as a behavioural state with associated physiological modulations.
We show that this is a reversible, quiescent state that caterpillars assume when they experience mechanical disturbance in their
surroundings.

We demonstrate an interesting and unexpected physiological feature of the sphinx state—nociceptive suppression. Nocicep-
tive sensitization, in the form of hyperalgesia or allodynia, has been demonstrated and studied in Drosophila melanogaster [10-13]
and M. sexta [6,9,14]. Previous work has shown that Manduca exhibits both peripheral and central sensitization in response to
thermally [15] and mechanically noxious stimuli [6,14]. Here, we report a novel instance of natural nociceptive downregulation
in caterpillars. Suppression of nociceptive response has also been demonstrated in Manduca larvae during a quiescent develop-
mental phase named ‘moult-sleep’ [16] and during emergence of the parasitoid wasp, Cotesia congregata, through the larval body
wall [17]. It would be valuable to further study the mechanism that governs the suppression of nociception during the sphinx
state. An interesting possibility is the state-dependent uncoupling of sensory and motor circuits, as seen in Drosophila, where a
looming stimulus that triggers an escape response in perching flies also evokes landing responses when they are flying [18]. In
Manduca, the sphinx-inducing signal before noxious stimuli may play a similar role in decoupling the nociceptive signals and
vigorous motor responses like strike or withdrawal. Alternatively, the significantly reduced nociceptive responsiveness is also
reminiscent of pre-pulse inhibition, wherein startle responses to sudden, unexpected stimuli are diminished when preceded by
a weak stimulus of another modality. This effect has been extensively studied in the marine mollusc Tritonia diomedea, where
a vibrational stimulus (pre-pulse) delivered before an aversive skin stimulus suppresses the escape swim motor programme
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[19]. This suppression is mediated through pre-pulse-induced presynaptic inhibition of afferent neurons transmitting the startle [ 5 |
signal, as well as post-synaptic inhibition acting on multiple downstream sites within the swim circuit [20]. There may exist
such an inhibitory network in Manduca that comes into play when the sphinx state is triggered by gentle disturbances in the
environment.

We also show that the response to an innocuous stimulus, such as a planta hair stimulation, is reduced during the sphinx
state. The partial proleg retraction is driven by the principal planta retractor muscle (PPRM), with its motoneuron (PPR)
making a strong, monosynaptic connection with the planta hair sensory neurons. Conversely, the full proleg retraction requires
recruitment of the accessory planta retractor muscle (APRM), and the connections to the APR motoneurons are weaker [8,21].
Our experiments indicate that in the sphinx state, there are fewer instances of full withdrawals, while partial withdrawals
persist, likely because sphinx-mediated inhibition primarily suppresses APR motor neuron recruitment. PPR motor neuron
has a lower spike threshold than APR such that deflection of a single hair can elicit firing in PPR [21,22]. This difference in
the strength of sensory input to the different motoneurons could explain why full withdrawal, but not partial withdrawal, is

|qSJH/.|.EUJn(.).[./BJO‘b.lj!qS!|C.|.r.].d/(19‘!.).(.)S|E/((.).J.

suppressed during the sphinx state. It is also possible that inhibitory interneurons in the polysynaptic circuits preferentially
limit APR activity. Another potential mechanism could be the direct suppression of peripheral sensory neurons, as seen in
crayfish, where sensory afferents of a stretch receptor display primary afferent depolarizations (PADs) [23,24]. Future intracel-
lular recordings from the motor and sensory neurons during the sphinx state would allow us to identify the mechanism of
inhibition.

Our surgical manipulation experiments demonstrated that the SEG alone is insufficient to induce the sphinx state in the
absence of brain connectivity—an intriguing observation, as caterpillars with severed brain connections continue to exhibit
normal locomotory behaviours such as crawling [25]. This result suggests that the absence of sphinx state after surgery is

7CL0SC0C +LT “Ba7joig

not attributable to a lack of muscle recruitment, but that a descending command from the brain is necessary to initiate the
posture. Mechanosensory neurons from the head and its sensory appendages project to the SEG, with some extending to the
first thoracic ganglion [26]. If the effect on the sphinx state was due to sensory impairment from the surgery, it would not have
been entirely abolished in the brain-cut group. Therefore, it is unlikely that this effect was due to sensory disruption alone. The
most likely candidate for exerting such control is the central complex, a multisensory neuropil that processes a variety of visual,
mechanosensory and olfactory signals [27]. In Drosophila, it is known to exert dopaminergic control on the states of arousal,
including stress-induced arousal, wakefulness, ethanol-induced hyperactivity and aggression [27].

Our results add to the growing body of work which suggests that insect nociception is subject to descending modulation
[28]. Previous studies have demonstrated the role of neuropeptidergic systems in modulating nociception in Drosophila [12,29-
31]. Food-motivated bumblebees have been observed to tolerate noxiously heated feeders to access high-sucrose food sources
[32]. Fruit flies display starvation-induced reduction in nocifensive behaviour, regulated by signalling of leucokinin, another
neuropeptide [33]. Interestingly, Manduca also shows a similar upregulation of leucokinin in the central nervous system during
starvation [34]. However, this study did not investigate the nociceptive effects associated with the leucokinin upregulation.
Another descending GABAergic pathway suppresses noxious inputs via activation of glucose-sensing neurons in starved fly
larvae [35]. This would enable insects to prioritize foraging and disregard noxious stimuli when they experience a nutrient-
depleted state.

The day-long undisturbed monitoring experiments suggest that the sphinx state is not merely a resting posture; it may serve
a defensive function, and the animals do not appear to enter this behavioural state spontaneously. Anecdotally, caterpillars in
the wild are often described (and photographed) in the sphinx state, but we believe they may be responding to the observer’s
presence or another mechanical disturbance. It resembles the ‘freezing’ behaviour exhibited by several animals upon detection
of imminent danger, which is quite common in large caterpillars and not limited to sphingid moth larvae. Such defensive
postures could confer protection from predation by insectivorous birds in the wild, thereby increasing the chances of survival to
adulthood and subsequent reproduction [36]. This is achieved by appearing larger in size and, in species that have prominent
‘eyespot’ markings, it enhances the caterpillar’s overall resemblance to snakes [37]. However, it is also possible that the posture
serves as camouflage or conveys other defensive signals to potential predators. The sphinx posture is reminiscent of tonic
immobility (TI)—a behavioural state marked by stiff posture and pronounced tonic muscular activity. In crickets, the slow flexor
motor neurons of the tibiae fire tonically to maintain the stiff posture, mimicking a dead conspecific [38]. The sphinx posture
is probably maintained by tonic activity in the large intersegmental muscles of the thorax and anterior abdominal segments,
which could impose a metabolic cost of this behaviour. Interestingly, during TI in stick insects, the threshold for nociceptive
responses is raised [39], a pattern we also observed in the sphinx state. Nociceptive suppression potentially allows these
organisms to effectively maintain the illusion that keeps predators at bay. This ability thus points to a significant evolutionary
advantage in animals, highlighting the importance of adapting nociceptive processing based on environmental and behavioural
contexts. Moreover, the state-dependent modulation of nociception in insects suggests that nociceptive circuits are more flexible
and adaptable than previously believed.

Our experimental results provide an opportunity to develop Manduca as a tractable model for studying how intrinsic
circuits regulate and balance the expression of different behaviours, e.g. how is nociception suppressed or enhanced to ensure
that vigorous movements are expressed only when it is appropriate to do so? In some instances, these movements could
attract predators or dislodge the caterpillar from its substrate. Electrophysiological and neuroanatomical studies on intact or
semi-intact preparations of M. sexta could help identify the mechanisms that bias the expression of different behaviours in
various contexts.
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4., Material and methods
(a) Colony

Second- or third-day fifth-instar larvae of M. sexta (both sexes) were used for all experiments. The caterpillars were reared on an
artificial diet at 27°C in a light : dark cycle of 17 h : 7 h following a standardized protocol [40].

(b) Spontaneous sphinx state in undisturbed caterpillars

A vertical stack of 10 clear plastic vials was made by glueing the walls of the vials. Nail files were used to provide a rough
substrate for the caterpillars to walk inside the vials, which were inserted into the vials via slits in foam plugs. A small block of
food was placed at the free end of the stick. In each trial, four animals were placed in the stack (one per vial), and the vials were
kept horizontally inside the incubator. The incubator was set to maintain a constant temperature of 27°C, and the light cycle was
regulated using a timer (17 L : 7 D). An infrared night vision camera (Wyze Cam V3 1080 p; Wyze Labs, Inc.) was used to record
the behaviour for 24 h. Operational via a mobile app, the video was recorded using the timelapse function, which captured an
image every minute for 24 h, since the sphinx state extends over longer timescales. The first hour after the placement in the
incubator was excluded from analyses to allow for acclimatization to the new environment.

(c) Testing responsiveness to stimuli

(i) Inducing sphinx state

Different types of mechanical stimuli tested for inducing sphinx state were: vibration (tapping on the substrate), mild mecha-
nosensory stimuli (stroking the larval body with a paint brush), head tap (gently tapping the head of the caterpillar) and
acceleration of the substrate (moving the dowel back and forth). The force of the head-tap stimulus was measured with a
force sensor (MLTF500/ST, ADInstruments, Australia). A caveat of this method is the potential variability in tap intensity
across experimenters. Although we standardized procedures through training with a force sensor, we lack the direct force
measurements for every single trial. Therefore, while we assume relative consistency in the tap force, some variability cannot be
ruled out.

(ii) Proleg withdrawal response

To induce the PWR, we used a paintbrush to gently touch the planta hair of a proleg. The experimental set-up consisted of two
wooden sticks separated by a small gap (approx. 3 mm) to touch only the planta hairs of the unattached proleg, as holding
onto a substrate tends to suppress the reflex [41]. The anterior prolegs of the caterpillar were placed on one stick, while the
posterior prolegs were placed on the other, ensuring that the middle prolegs were suspended over the gap. This allowed for
precise stimulation of the mechanosensory hairs located on the planta of the middle prolegs.

(iii) Nocifensive behaviours

We tested reactivity to noxious thermal stimuli [15,42] applied to the T2 (second thoracic segment) and A6 (sixth abdominal
segment) body segments, separately. T2 stimulation and A6 stimulation reliably elicit a withdrawal and strike behaviour,
respectively, in M. sexta [7]. The stimuli were delivered in a randomized order. The nocifensive responses are triggered using
infrared (IR) lasers (Class 3B Laser; 808 nm, 400 mW) to produce highly localized and repeatable thermal stimuli. Previous
studies have demonstrated that the nociceptive sensory neurons are activated by both mechanically and thermally noxious
stimuli [42]. The caterpillar is placed approximately 30 cm from the laser, on a dowel attached to manipulators to control the
target location on the body wall. Since the Manduca epidermis is infrared-reflective, a small patch of cuticle is coated with a thin
layer of black paint (Rustoleum™, flat black, oil-modified alkyd) and the laser beam is focused on this point to create a localized
heat pulse. We were able to reliably evoke nocifensive behaviours with a stimulus duration of 200 ms. For increased stimulus
strength, we used 400 and 500 ms.

(d) Surgery protocol

A specialized set-up was used to perfuse CO,, keeping the caterpillar anaesthetized throughout the procedure. Positioned
ventral side up, the nerve cord, including the SEG and prothoracic ganglia, was visible through the cuticle. The epidermis was
incised, the nerve connective severed and the wound sealed with light-cure glue, ensuring the thoracic legs remained unbound.
After surgery, the caterpillars recovered overnight before testing the next day. Sham surgeries replicated all steps except for
cutting the connective. As the connectives are easily accessible without disrupting deeper tissue or muscle, it is unlikely that the
procedure impaired the musculature required for sphinx behaviour.
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(e) Statistics

For the surgical manipulation experiments, we used Firth’s penalized likelihood logistic regression to account for complete
separation in the data, where some treatment groups showed zero instances of the sphinx state. The treatment group was
included as a fixed factor, and the binary outcome (sphinx state induced or not) was modelled using a logistic link function (S1).

For the nociceptive responsiveness experiments, we fit GLMMSs with a binomial error distribution (and logit link function)
(52). Behavioural state (active/sphinx) and stimulation site (T2/A6) were fixed factors, and animal identity was used as a random
factor. Response was coded as 1 if the animal performed ‘strike’ or ‘withdrawal’ and coded as 0 if there was no response. In
addition, stimulus duration (400 or 500 ms) was included as a fixed factor in the analysis to assess its effect on behavioural
responses during the sphinx state.

All data processing and statistical analyses were performed in R (v. 4.0.3 [43]). Data were visualized using the ‘ggplot2’
package v. 3.4.2 [44]. We used the ‘Ime4’ package [45] for model fitting and the ‘emmeans’ [46] for pairwise post hoc compari-
sons.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
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