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Nociceptive sensitization is a con-
served form of neuronal plasticity 

that serves an important survival func-
tion, as it fosters behavior that protects 
damaged tissue during healing. This 
sensitization may involve a lowering of 
the nociceptive threshold (allodynia) or 
an increased response to normally nox-
ious stimuli (hyperalgesia). Although 
nociceptive sensitization has been inten-
sively studied in vertebrate models, an 
open question in the field is the extent to 
which allodynia and hyperalgesia, which 
almost always occur in tandem, are truly 
separate events at the mechanistic level. 
We recently introduced a genetically 
tractable model for damage-induced 
nociceptive sensitization in Drosophila 
larvae, and identified a conserved 
cytokine signaling module that medi-
ates development of allodynia following 
UV irradiation. This pathway includes 
the Drosophila homolog of Tumor 
Necrosis Factor-α (TNFα), Eiger, which 
is released from damaged epidermal cells 
and acts directly on its receptor, Wengen, 
located on nociceptive sensory neurons. 
Here we show that although Eiger and 
Wengen are both required for the devel-
opment of thermal allodynia, they are 
dispensable for thermal hyperalgesia, 
suggesting, contrary to what is com-
monly assumed, that these two forms of 
hypersensitivity are initiated by separate 
genetic pathways.

Nociceptive sensory neurons normally 
activate only in response to very intense 
stimuli,1 but they may become hypersen-
sitive in response to inflammation and 

tissue damage. The two forms of nocicep-
tive sensitization, allodynia and hyperal-
gesia, have traditionally been regarded as 
intertwined processes,2,3 with the key dif-
ference being the nature of the inducing 
stimulus: allodynia describes a response 
induced by a previously non-noxious 
stimulus, while hyperalgesia describes 
an increased response to a stimulus that 
is normally painful.4 A revision of the 
terminology of both allodynia and hype-
ralgesia has recently been proposed.5 By 
the new definition, hyperalgesia would 
become an umbrella term for any case 
where there is an increased nociceptive 
response, whereas allodynia would be 
restricted to nociception evoked by nor-
mally low-threshold fibers. One primary 
motivator for these new definitions, 
which are exclusively based on an analysis 
of the vertebrate and clinical literature, 
is that multiple methods of inducing 
sensitization always seemed to produce 
allodynia and hyperalgesia together, but 
never alone, obscuring the need for a 
distinction between the two. Our recent 
data in Drosophila, however, suggest that 
there are molecular distinctions between 
these processes that go beyond the nature 
of the inducing stimulus provided by the 
investigator. To clarify our terminology, 
here we use the term “thermal allodynia” 
to describe a response to a normally non-
noxious thermal stimulus, and “thermal 
hyperalgesia” to describe a heightened 
response to a normally supra-threshold 
thermal stimulus.

Studies of nociception in Drosophila 
have a brief history to date. Tracey, 
Wilson and Benzer reported an aversive 
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epidermis.10 To assess whether the cellular 
and molecular mechanisms underlying 
nociceptive sensitization (as distinct from 
baseline nociception) are also conserved, we 
developed a model of UV-induced hyper-
sensitization using Drosophila larvae.11

In our recent study, we demonstrated an 
important role in development of thermal 
allodynia following UV-induced epider-
mal damage for the Drosophila homolog 
of TNFα, Eiger, and its receptor, Wengen. 
Our data suggest that Eiger is released 
from UV-damaged epidermal cells and 
acts directly on its receptor Wengen whose 
function is required within nociceptive sen-
sory neurons.11 This direct effect is distinct 
from the typical inflammatory cascade 
outlined in some mammalian models of 
nociceptive hypersensitivity.12 Our study 
also revealed some important phenomeno-
logical and molecular distinctions between 
UV-induced thermal allodynia and ther-
mal hyperalgesia.

The first distinction was that the kinet-
ics of hyperalgesia and allodynia were not 
the same in our assay (Fig. 1). Although 
both responses are observed approximately 
8 hours after UV exposure, the hyperal-
gesic effects dissipated by 16 hours, while 
allodynia continued to increase until  
24 hours after exposure. At the genetic 
level we also found that the apical caspase 
Dronc, which is required in epidermal cells 
for the development of thermal allodynia, 
plays no significant role in the development 
of thermal hyperalgesia. This suggests that 
the induction of thermal hyperalgesia is 
regulated by a distinct genetic pathway. 
One possibility is that the development of 
thermal hyperalgesia requires the release of 
a separate signaling molecule from dam-
aged cells. To assess this, we have now 
tested whether Eiger/TNF and Wengen/
TNFR play a significant role in the devel-
opment of thermal hyperalgesia. Here we 
show that neither Eiger nor Wengen are 
required for the development of thermal 
hyperalgesia in our assay. In cases where 
epidermal expression of eiger or nociceptor-
specific expression of wengen were knocked 
down via RNA interference transgenes, lar-
vae still withdrew from a supra-threshold 
stimulus of 45°C significantly faster than 
their mock-treated counterparts (Fig. 2), 
suggesting that these genes are specifically 
involved in the induction of allodynia but 

transient receptor potential (TRP) family6 
which had been implicated in nociception 
in prior electrophysiological and vertebrate 
studies.7,8 Tracey’s group has subsequently 
pinpointed the particular sensory neu-
rons that mediate this aversive withdrawal 
behavior in Drosophila larvae.9 Within 
each dorsal larval body segment there are 
two such nociceptive sensory neurons that 
elaborate impressive dendritic arbors that 
contact nearly every cell of the larval barrier 

withdrawal behavior (the typical experi-
mental assay for nociception in whole 
animals) in Drosophila larvae when they 
were presented with thermal stimuli above 
38°C.6 This behavioral assay was used 
to identify a conserved gene required to 
detect painful stimuli, suggesting that the 
molecular basis of nociception might be 
shared between vertebrates and inverte-
brates. The gene they identified, painless, 
encodes an ion channel belonging to the 

Figure 1. Timing of UV-induced responses. Both allodynia and hyperalgesia develop before overt 
morphological evidence of epidermal damage and cleaved caspase immunoreactivity indicative of pro-
grammed cell death. Although mild allodynia arises earlier than hyperalgesia, the peak response and 
subsequent diminishment of hyperalgesia occur more rapidly. Staining using a stress response reporter 
(msn-lacZ, which reads out activation of the Jun N-Terminal Kinase signaling pathway) was evident 
from 4 to 48 hours after UV treatment. Solid lines, times response was seen most often. Dashed lines, 
times response was occasionally observed, or was mild or diminishing.

Figure 2. Eiger and Wengen do not affect the development of thermal hyperalgesia. Whole-animal 
eiger null mutants (egr1/egr3) or tissue-specific expression of RNAi transgenes targeting eiger (UAS-
eigerIR) or wengen (UAS-wengenIR) were used to test development of thermal hyperalgesia 8 hours 
following UV irradiation. Epidermal-specific (via A58-Gal4) knockdown of Eiger and nociceptor-specific 
(via ppk-Gal4) knockdown of Wengen do not prevent thermal hyperalgesia following UV damage. 
Withdrawal latency was measured (in seconds) in response to a thermal probe heated to 45°C. Lar-
vae of all genotypes treated with UV (gray bars) respond nearly twice as fast as their mock-treated 
counterparts (black bars). Error bars = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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not hyperalgesia. Thus, despite the fact that 
UV-induced epidermal damage results in 
the development of both thermal allodynia 
and thermal hyperalgesia, it is possible to 
genetically separate these nociceptive sensi-
tization responses.

The gene(s) that mediate thermal hype-
ralgesia in our assay are still unknown, as 
are components of the thermal allodynia 
machinery downstream of Wengen/TNFR. 
A clear future priority is to identify the sig-
naling factors and receptor(s) required for 
development of thermal hyperalgesia in our 
assay. It seems likely that sifting through 
the many conserved factors implicated in 
nociceptive sensitization in vertebrates will 
prove a fruitful place to start. A second key 
priority is to understand the downstream 
signaling cascades involved in development 
of allodynia and hyperalgesia and how they 
interact with one another.4 Of particular 
interest is whether or not these mediators 
activate parallel signaling cascades that 
do not intertwine or show crosstalk, or 
whether there is a downstream convergence 
of signals. Mediators could converge at 
some point in the signaling cascade, such 
as at the level of cytoplasmic kinases or 
nuclear transcription factors that regulate 
expression levels or activation properties of 
membrane-localized ion channels (Fig. 3). 
Such convergence is evident in mammalian 
models of thermal hyperalgesia, where sev-
eral separate mechanisms come together 
to regulate Transient Receptor Potential 
Vanniloid-1 (TRPV1).13-18

Modeling nociceptive sensitization in 
Drosophila has demonstrated that specific 
aspects of thermal nociceptive sensitivity 
are mediated by distinct sets of genes. Given 
the resolving power of genetic analysis in 
Drosophila and the conservation of genes 
required for nociception and nociceptive 
sensitization we expect that further genetic 
dissection of UV-induced thermal allodynia 
and hyperalgesia will lead to more surprises 
in our understanding of these critical adap-
tive responses to injury.
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Figure 3. Possible relationships of signaling cascades mediating thermal allodynia and hyperalgesia. 
The development of thermal allodynia and thermal hyperalgesia is regulated by distinct receptors and 
may involve completely separate signaling pathways with minimal to no overlap. By contrast, these 
signals could converge downstream of receptor activation, allowing a single component to regulate 
multiple aspects of nociceptive sensitization. This convergence may take place at the level of cytoplas-
mic kinases, nuclear transcription factors, or other intracellular mediators, or the ion channels that 
are the likely endpoints of each signaling pathway.
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