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Abstract: Modulation of nociception allows animals to prioritise their survival by
adapting their behaviour in different contexts. In mammals, this is executed by
neurons from the brain, and is referred to as the descending control of
nociception. Whether insects have this control, or have the neural circuits
underpinning it, has not been clarified. Here, we review evidence supporting
descending control of nociception control in insects, and consider which neuronal
sub-types and brain areas may be involved.
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Descending control of nociception

Nociception is the detection of potentially or actually damaging
stimuli, which is mediated by specialised receptors: nociceptors (Tracey,
2017). Nociception can be accompanied by the feeling of pain, which is a
negative subjective experience generated by the brain (Auvray et al.,
2010; Birch et al,, 2020). Nociception and/or pain can be inhibited or
facilitated (modulated) by descending neurons from the brain called “the
descending pain controls” (Millan, 2002; Ossipov et al., 2010). There are
distinctive mechanisms behind modulation of nociception and
modulation of pain, and recent studies have uncovered that certain
contexts or stimuli can modulate pain report while keeping nociceptive
reflexes unchanged (Morélot-Panzini et al., 2014; Rhudy et al., 2006, 2006;
Yashiro et al., 2011), and vice versa, where nociceptive reflexes are
modulated but pain report is unchanged (Rhudy et al., 2018)). Therefore,
in animals where the distinction of pain and nociception has not yet been
explored experimentally, it has been suggested we refer to descending
control of pain as “descending control of nociception” (Bannister et al.,
2021). We will adopt this terminology in this review.

Descending control of nociception has an important adaptive
function, allowing the adjustment of behaviour to different contexts to
prioritise survival (Millan, 2002). For example, if an animal is injured
during a fight, the dampening of their nociceptive processing may
increase the animal’s fighting performance by ensuring they do not waste
time or energy on responding to the injury. Likewise, when the animal
has returned to safety, the descending controls can facilitate nociceptive
processing, encouraging the animal to protect the injured location so that
its healing is promoted. These arguments would make adaptive sense in
any animal. Surprisingly, however, in the most speciose animal class, the
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insects, such descending pain controls have been little investigated
(Forbes et al., 2018; Im & Galko, 2012).

Nociception, and nociceptive behaviour, is well documented in
insects (e.g. Hwang et al., 2007; Tracey et al, 2003). Further, insect
nociceptive processing can be modulated (e.g. (Khuong et al., 2019;
Tabuena et al., 2017). For example, the larval tobacco hawkmoth
(Manduca sexta) shows a defensive nociceptive behaviour in response to
a noxious pinch, performing a rapid bending response towards the pinch
site (Figure 1), and this response can be sensitised by tissue damage
(Tabuena et al., 2017; Walters et al., 2001). However, the specific
mechanisms and pathways of modulation of nociception in insects have
only been partially uncovered, and is it not fully established whether the
modulation involves the brain. In this review, we suggest that insects
have descending modulation of nociception, based on behavioural and
anatomical evidence.
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Figure 1. The defensive strike response and the nervous system of larval tobacco hawkmoth
Manduca sexta. The tobacco hawkmoth caterpillar shows a rapid bending response towards the site of
the pinching stimulation on the terminal segment of the abdomen (source of the stimulation). The
success of attackers such as birds that bite caterpillars can be reduced by the high velocity and precise
targeting of the strike. This defensive strike response is faster and larger after repeated noxious
stimulation and results in nociceptive sensitization (Walters et al., 2001). Adapted from Walters et al., 2001.

Sensitisation of nociceptive responses in insects

All insects exhibit nocifensive behaviour, a class of behaviours that
occur in response to noxious stimuli and have the purpose of reducing
exposure to the stimulus. An example of a nocifensive behaviour in fruit
flies is the moving away from a floor heated to 46°C (e.g. (Neely et al.,
2010)). Nociceptive sensitisation occurs when the intensity of normal
nocifensive behaviour is increased, or the threshold for the induction of
the nocifensive behaviour is lowered (Im & Galko, 2012). In mammals,
this sensitisation can occur through molecular mechanisms at the site of
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damage (Babcock et al., 2011), or from activation of faciliatory projection
neurons in the rostral ventral medulla (Tillu et al., 2008). Both of these
mechanisms ultimately increase the nociceptive neurons’ responsiveness
to noxious stimuli.

Insects are capable of nociceptive sensitisation. For example, in
larval Manduca sexta, the defensive strike response to a noxious stimulus
is faster and greater after repeated noxious stimulation (Walters et al.,
2001) (Figure 1). Similarly, in fruit flies, injury of epidermal cells by
ultraviolet light increases the speed of the flies” withdrawal response
from both sub-noxious and noxiously-heated thermal stimuli (Babcock et
al., 2009).

Some of the molecular mechanisms underlying sensitisation of
nociception in insects have been revealed. Peripheral mechanisms
involve some of the same molecules responsible for human nociceptive
sensitisation. For example, in fruit flies, like humans, signalling molecules
including Hedgehog, tachykinin and tumour necrosis factor are involved
in the sensitisation of the nociceptors (Babcock et al., 2009, 2011; Im et al.,
2015). Also similar to humans, central mechanisms have been suggested;
for example, in larval Manduca sexta, sensitisation of the defensive strike
response is associated with a reduction in firing threshold of the central
connective nerve, and can be blocked using N-methyl-D-aspartate
receptor and hyperpolarization-activated, cyclic nucleotide-gated
antagonists (Tabuena et al., 2017). Further, in fruit flies, a loss of GABA
inhibition in the ventral nerve cord causes nociceptive sensitisation
(Khuong et al., 2019). However, whether the brain is involved in this
sensitisation is unknown.

Inhibition of nociceptive responses in insects

Inhibition, as opposed to sensitisation, of nociceptive responses in
insects has gained less attention. However, there is behavioural evidence
of reductions in normal nocifensive behaviour in insects in certain
situations. For instance, female mantids will consume the male during
copulation, and the male appears to supress his normal nocifensive
behaviour to allow this (Schwartz et al., 2016). This is most likely because
the male has fitness benefits from being consumed, as sacrificing his body
as nutrition for the female increases the number, size and survivorship of
the offspring (Schwartz et al., 2016). Another example of inhibition of
nocifensive behaviour in insects is how fruit flies and bumblebees
(Bombus terrestris) will overcome their avoidance of noxious stimuli to
obtain an appetitive stimulus (Gibbons et al., 2022; Kaun et al.,, 2011).
Further, insects have been noted to act visibly ‘normal” after injury, by
continuing to feed or not altering their behaviour (Eisemann et al., 1984).
This evidence has been suggested to indicate the absence of pain in insects
(Mikhalevich & Powell, 2020; Smith, 1991); however, more likely, it
demonstrates how certain contexts can reduce the nocifensive behaviour
of an insect (Gibbons & Sarlak, 2020).

The mechanisms behind inhibition of nociceptive responses are
poorly understood in most insects. In fruit flies, there are second-order
interneurons in the ventral nerve cord that are activated by nociceptors
and integrate different sensory stimuli (Lopez-Bellido et al., 2019), as well
as triggering nocifensive rolling behaviour in fruit fly larvae (Hu et al.,
2020; Kaneko et al.,, 2017; Ohyama et al., 2015). Two types of these
interneurons, Basin-4 and AO0O8n, are involved in the inhibition of
nociceptive signalling in fruit fly larvae, via an inhibitory feedback loop
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with serotoninergic neurons (Figure 2b) (Kaneko et al., 2017). Basin-4 and
A08n also activate leucokinin neurons in the abdominal ganglion of the
fruit fly larva, which are required for escape behaviour from noxious
stimuli (Hu et al., 2020), and these neurons express the serotonin receptor
5-HT1B (Okusawa et al., 2014). This suggests that serotonin may also be
able to inhibit nociceptive processing via leucokinin neuron signalling.
Another mechanism of inhibition of nociception that has been uncovered
is GABAergic neurons, which inhibit the activity of these abdominal
ganglion leucokinin neurons (Hu et al, 2020). These findings
demonstrate that inhibition of nociception in insects is possible via
molecular pathways (see Figure 2b). However, again, whether this
inhibition can occur via descending controls from the brain remains
unclear.
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Figure 2. Nocifensive response to noxious stimulus and possible molecular pathways for inhibition of
nociception in larval Drosophila melanogaster. A) Nocifensive rolling:, A corkscrew -like rolling
response to noxious temperature that acts as a protective escape behaviour (Hwang et al., 2007). B)
Putative molecular pathway for inhibition of nocifensive behaviour in VNC (ventral nerve cord).
Nociceptive input activates second-order neurons (SONs) such as A08n and Basin-4, serotonergic
neurons and GABAergic neurons. SONs then activate abdominal ganglion leucokinin neurons and Goro
neurons, which induce nocifensive behaviour. GABAergic and serotonergic neurons inhibit the activity
of abdominal ganglion leucokinin neurons. Serotonergic neurons inhibit synaptic transmission between
nociceptive input from nociceptors and SONs.

Descending nociception controls in insects?

Modulation of nociception in insects has been demonstrated
behaviourally, and some of the molecular mechanisms underlying this
have been identified (see above). In this section, we explore whether the
modulation of nociception in insects can be activated by the brain, via
descending controls. To explore this possibility, it is useful to contemplate
how this pathway works in organisms better studied in this regard. In
mammals, nociceptors transmit the information to the dorsal horn of the
spinal cord, and the signal is then sent to the brain via ascending
projection neurons (Bannister, 2019) (see Figure 3). The periaqueductal
gray in the midbrain receives nociceptive inputs, as well as inputs from
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cortical brain areas involved in pain processing, and transmits the signal
to the rostral ventromedial medulla (RVM) (Ossipov et al., 2014). The
RVM projects to the dorsal horn and has distinct cell types which descend
to the spinal cord and can inhibit or facilitate nociception (Ossipov et al.,
2014).
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Figure 3. Human descending and ascending pain pathways. Primary afferent neurons project to
secondary neurons in the dorsal horn of the spinal cord. Axons of the second-order neurons project to
the thalamus, the rostral ventral medulla (RVM) and the periaqueductal grey (PAG). With their cell
bodies in the thalamus, third-order neurons project to the somatosensory cortex to encode the sensory-
discriminate aspects of pain. They also project to other areas, such as the anterior cingulate cortex, which
are involved in the affective aspect of pain. These areas provide input to the PAG, which communicates
with the RVM to send modulatory projections to the spinal cord. Such neurons influence enkephalin
interneurons which can inhibit the transmission of nociception through primary afferent neurons.
Adapted from Ossipov et al., 2010.

Behavioural evidence suggesting the brain is involved in
modulation of nociception exists in the American cockroach (Periplaneta
americana), where the threshold required for nocifensive escape
behaviour is increased after being stung in the suboesophageal ganglion
in the brain by the parasitic jewel wasp (Ampulex compressa) (Gal &
Libersat, 2010; Gavra & Libersat, 2011; Haspel et al., 2002). This indicates
that the insect brain can modulate nocifensive behaviour. Further, stimuli
that are processed by the insect brain can inhibit nocifensive behaviour.
For example, the taste of sugar processed in the fruit fly brain (Wang et
al., 2004), and attraction to sugar (or an odour that was previously
associated with sugar), supresses avoidance of noxious stimuli in both
fruit flies and bumblebees (Gibbons et al., 2022; Kaun et al., 2011).
Similarly, the processing of food-deprivation in the brain reduces the
nocifensive jump response to noxious heat in fruit flies (Ohashi & Sakai,
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2018); this apparently relies on the brain, as the same reduction is not
observed in decapitated flies (although basic nociception is maintained)
(Ohashi & Sakai, 2018). Taken together, behavioural evidence suggests
that, like mammals, the insect brain can exert descending control over
nociceptive processing.

Anatomical evidence also supports the existence of insect
descending nociception controls. Studies have identified neurons that
descend from the brain to the nerve cord and are involved in insect
nociception. For example, in Drosophila larvae, axons descend from the
brain to the Basin and Goro neurons, which mediate the nocifensive
rolling response (a corkscrew-like roll in response to noxious stimuli
(Hwang et al., 2007) (Ohyama et al., 2015) (Figure 2). In adult Drosophila,
some neurons that connect the brain and ventral nerve cord express the
protein ‘Straightjacket’, a calcium channel that mediates nociceptive
hypersensitivity (Khuong et al., 2019; Neely et al., 2010).

Characteristics of the putative insect descending nociception controls

Given the evidence discussed above, it is plausible that insects have
descending nociception controls to modulate their nocifensive behaviour
in certain contexts. Here, we discuss the putative chemical and
anatomical characteristics of these controls. Mammalian descending pain
controls rely strongly on opioid signalling (Ossipov et al., 2014), so it has
been suggested that insects descending controls might also involve
opioid signalling (Emanuel & Libersat, 2019). However, genomic studies
have determined that insects do not have genes that code for opioid
receptors or peptides (Elphick et al., 2018; Jékely, 2013; Kreienkamp et al.,
2002; Mirabeau & Joly, 2013). Thus, it is more likely that another
neuropeptide or neurotransmitter functions as the signalling molecule for
the putative insect descending nociception controls.

Leucokinin, a neuropeptide with many functions in insects,
including the modulation of nocifensive behaviour (see Figure 4) (Hu et
al.,, 2020; Néssel, 2021), is a potential candidate signalling molecule for the
insect descending nociception controls. There are leucokinin neurons that
descend from the suboesophageal ganglia to the ventral nerve cord (de
Haro et al., 2010; Hu et al., 2020). Importantly, these neurons are able to
supress nocifensive behaviour (Ohashi and Sakai, 2018). Specifically, they
are required for the reduction of nocifensive behaviour in hungry fruit
flies (Ohashi & Sakai, 2018). This is interesting because, as mentioned
earlier, the jewel wasp modulates the American cockroach’s nocifensive
behaviour by stinging in the suboesophageal ganglia (Gal & Libersat,
2010; Gavra & Libersat, 2011; Haspel et al., 2002). Since taste is also
represented in the suboesophageal ganglia in insects (Kvello et al., 2006;
Marella et al., 2006; Wang et al., 2004), integration of competing stimuli
may occur here. Leucokinin neurons may be, therefore, the output
neurons of the suboesophageal ganglion that can modulate behaviour
according to certain contexts or stimuli.
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Figure 4. Putative insect descending nociception controls in Drosophila melanogaster adult.
Amputation of the middle leg causes nocifensive behaviour in fruit flies; and this nocifensive behaviour
can be reduced when the fly is hungry. This is mediated by Leucokinin neurons (Lk). The nociceptive
signal is transmitted to the ventral nerve cord (VNC), which can cause nocifensive behaviour, but is also
transmitted along ascending fibres to the suboesophageal ganglion (SOG). A competing stimulus signal,
such as attraction to an appetitive odour or food, is also transmitted to the suboesophageal ganglion.
The appetitive and aversive signals are integrated here. Leucokinin neurons descending from the
suboesophageal ganglion can suppress the nocifensive behaviour depending on the integrated
information.

The significance of insect descending nociception controls

The presence of descending nociception controls in insects is
important and interesting for many areas of insect and human
neuroscience. Descending control of nociception in humans can also
affect pain perception, so it could be argued that pain is also affected in
non-verbal animals. This is certainly the accepted argument for mammals
such as mice, where a reduction in nociceptive behaviour is accepted as
equalling a reduction in pain (e.g. (Ikeda et al., 2014)). In insects, however,
this argument is not widely accepted. This, perhaps, is because insect
behaviour has been viewed as governed largely by instinct, with their
behaviour towards injuries likened to robots (Adamo, 2016). In line with
this, various authors have denied the existence of pain in insects (Adamo,
2016; Eisemann et al., 1984; Smith, 1991).
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The presence of descending controls makes it at least plausible that
insects have painful experiences. Recent evidence demonstrating
sentience-linked cognitive abilities in some insects (Bateson et al., 2011;
Dinges et al., 2017; Galili et al., 2011; Solvi et al., 2016, 2020; Yarali et al.,
2008) supports this idea, as well as studies indicating pain perception in
other invertebrates (e.g. (Appel & Elwood, 2009; Crook, 2021). This is
important morally, as insects are subjected to potentially-painful stimuli
in research and farming (Bear, 2021). It is also an important consideration
for modelling human pain disorders. The fruit fly (Drosophila
melanogaster) is currently used as a model organism for human pain
research, because of similarities in the genetics and behavioural responses
to human nociception (Milinkeviciute et al., 2012). The abnormal and
persistent pain states in humans seem to occur due to dysfunction of
descending pain controls (Ossipov et al., 2014), so, if insects have
descending nociception controls, they could potentially be viable models
for human pain disorders.

Conclusion

We have argued that insects most likely have descending
nociception controls, based on behavioural, molecular and anatomical
neuroscience evidence. Behaviourally, changes to the insect brain can
change their nocifensive behaviour, whether this change is physical
manipulation (e.g. (Gal & Libersat, 2010) or the processing of
motivational stimuli (Kaun et al., 2011; Ohashi & Sakai, 2018). At a
molecular level, insects have molecular pathways that can inhibit
nocifensive behaviour, peripherally and centrally. Anatomically, insects
have descending neuronal projections from the brain to the ventral nerve
cord, where nocifensive behaviour is executed. Future research should
aim to further characterise modulation of nocifensive behaviour, and
whether this is associated with pain in insects, as well to elucidate the
neuronal and molecular pathways of descending control of nociception
in insects.
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