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Abstract Melittin is a basic 26-amino-acid polypeptide
that constitutes 40-60% of dry honeybee (Apis mellifera)
venom. Although much is known about its strong surface
activity on lipid membranes, less is known about its pain-
producing effects in the nervous system. In this review, we
provide lines of accumulating evidence to support the
hypothesis that melittin is the major pain-producing sub-
stance of bee venom. At the psychophysical and behavioral
levels, subcutaneous injection of melittin causes tonic pain
sensation and pain-related behaviors in both humans and
animals. At the cellular level, melittin activates primary
nociceptor cells through direct and indirect effects. On one
hand, melittin can selectively open thermal nociceptor
transient receptor potential vanilloid receptor channels via
phospholipase A2-lipoxygenase/cyclooxygenase metabo-
lites, leading to depolarization of primary nociceptor cells.
On the other hand, algogens and inflammatory/pro-
inflammatory mediators released from the tissue matrix by
melittin’s pore-forming effects can activate primary noci-
ceptor cells through both ligand-gated receptor channels
and the G-protein-coupled receptor-mediated opening of
transient receptor potential canonical channels. Moreover,
subcutaneous melittin up-regulates Na,1.8 and Na,1.9
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subunits, resulting in the enhancement of tetrodotoxin-
resistant Nat currents and the generation of long-term
action potential firing. These nociceptive responses in the
periphery finally activate and sensitize the spinal dorsal
horn pain-signaling neurons, resulting in spontaneous
nociceptive paw flinches and pain hypersensitivity to
thermal and mechanical stimuli. Taken together, it is
concluded that melittin is the major pain-producing sub-
stance of bee venom, by which peripheral persistent pain
and hyperalgesia (or allodynia), primary nociceptive neu-
ronal sensitization, and CNS synaptic plasticity (or meta-
plasticity) can be readily induced and the molecular and
cellular mechanisms underlying naturally-occurring ven-
omous biotoxins can be experimentally unraveled.

Keywords Melittin - Algogen - Nociceptor - Spinal
dorsal horn - Pain

Background

Melittin is a basic 26-amino-acid polypeptide [molecular
formula, C;3;H9N3905;; molecular weight, 2846.46266
g/mol; and International Chemical Identifier Key, VDXZN
PDIRNWWCW-UHFFFAOYSA-N (https://pubchem.ncbi.
nlm.nih.gov/compound/16133648)]. It was originally sep-
arated and purified from honeybee (Apis mellifera) venom
and sequenced as Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-
Thr-Thr-Gly-Leu-Pro-Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-
Arg-GIn-GInNH2 [1]. It is the major active ingredient of
honeybee venom, constituting 40-60% of whole dry
venom. Melittin has various biological, pharmacological,
and toxicological actions, including strong surface activity
on cell lipid membranes, hemolyzing activity, antibacte-
rial and antifungal activities, and potential anti-tumor
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properties [1—4]. Melittin is also known as a natural pore-
forming peptide that can insert itself across the phospho-
lipid bilayer, and interactions between biomembrane and
proteins can be studied using this biological activity [5—
15]. Melittin has also been used as an activator of phos-
pholipase A2 (PLA2) after the discovery of its enhancing
effects on bee venom PLA2 activity [16-20].

However, so far little is known about the pain-producing
effects of melittin and its actions on the nervous system,
although it is well known that a honey-bee sting and bee
venom injection cause pain and inflammation [3, 4]. Nev-
ertheless, in recent years, accumulating evidence strongly
suggests that melittin is a unique and functionally identified
pain-producing substance in bee venom and affects neu-
ronal plasticity in the somatosensory system [4, 21-23]. In
this review, strong lines of supporting evidence from
behavioral, electrophysiological, pharmacological, and
neurochemical studies in mammals are discussed. The
molecular and cellular mechanisms underlying melittin-
induced pain, primary nociceptor sensitization, and
synaptic plasticity in the central nervous system are also
considered.

Pain-inducing Effects of Melittin
Experimental Evidence from Human Studies

A pain-producing substance, also called an algogen, is
defined as a chemical with the ability to induce pain and
hyperalgesia through the activation of primary nociceptor
cells by opening ion channels [24-26]. A nociceptor
(shortened from “noci-receptor”) is currently defined by
the International Association for the Study of Pain as a
receptor channel preferentially sensitive to a noxious
stimulus or to a stimulus which would become noxious if
prolonged (see Glossary in [26]). Endogenous algogens
include protons (H"), adenosine triphosphate (ATP),
5-hydroxytryptamine (5-HT), histamine, K, and bradyki-
nin, while exogenous algogens are probably countless in
number or type, but those that have been experimentally
well-established are few, including capsaicin, paraformald-
ehyde, and bee venom [24-26]. There are also many
endogenous pain-enhancing substances such as pros-
taglandin E2 (PGE2) and nerve growth factor that are not
able to open the ion channels of nociceptors but can
enhance their efficacy through modulation (see Glossary in
[26]). To address whether melittin has a pain-producing
effect, experimental studies have been performed on
healthy human participants by intradermal (i.d.) injection
of a small amount of melittin [27, 28]. A 0-10 visual
analog scale in which scores of 0, 5, and 10 indicate ‘‘no

pain’’, ‘‘moderate pain’’, and ‘‘intolerable pain’’ was used
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to evaluate the pain intensity perceived by the participants.
After i.d. injection of melittin (5 pg in 50 pL saline) into
the volar side of one forearm, a sharp pain sensation (score
>8.0) was reported immediately in all seven participants (2
women and 5 men). The perceived pain was sustained and
lasted 3 min after injection. Spatially on the skin, a flare
surrounding the radial area of the injection site was
detectable and this disappeared within 2 h. A local
inflammatory response represented by an increase in skin
temperature was also visualized by computer-assisted
infrared thermography, which showed that a melittin-in-
duced increase in skin temperature occurred slowly and
peaked at 10 min. In another two experiments, the painful
effects of two higher doses of melittin (10 pg and 50 pg in
50 pL saline) were also evaluated on healthy human par-
ticipants [29, 30]. Although the time-course of pain
intensity was similar to that in the lower-dose study, the
intensity and duration of the perceived pain was greatly
enhanced at the higher doses, demonstrating dose- and
time-dependent pain induced by melittin. Moreover, i.d.
injection of melittin produced heat and mechanical
hyperalgesia in the zone of primary injury but only heat
hyperalgesia was detected in an area surrounding the
injection site [29, 30]. No anaphylactic and systemic
reactions occurred in the volunteers receiving i.d. injection
of melittin, and no itch sensation was induced by such
treatment. As a single bee-sting contains ~ 140 pg of dried
bee venom which is equivalent to 56—84 pg of melittin [31,
32], the dose used above was less than the amount of
melittin naturally released from one bee sting.

Although some of the active substances such as HT,
ATP, 5-HT, and histamine in bee venom have been
demonstrated to be pain-producing substances by appli-
cation of cantharidin in the human blister test [33—42], the
time-course of spontaneous pain is transient and much
shorter than that induced by melittin. Furthermore, no
clear area of hyperalgesia and/or allodynia was identified
in and surrounding the application site as seen in the
melittin test. Together, these results strongly suggest that
melittin is a unique pain-producing substance derived
from bee venom.

Experimental Evidence from Animal Studies
Behavioral Assays

To avoid possible anaphylactic and systemic reactions in
human participants, the painful and inflammatory effects of
bee venom and the derived active substances, including
melittin, have been examined in behaving animals. Painful
behaviors can be rated quantitatively in animals by
counting the number of spontaneous paw flinches or by
measuring the time spent in licking, lifting, or biting the
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injected paw following subcutaneous (s.c.) injection of
pain-inducing substances such as formalin, capsaicin, bee
venom, and melittin [3, 4]. Moreover, pain hypersensitivity
(hyperalgesia and allodynia) identified in human volunteers
or patients can also be studied in animals by measuring
changes in paw-withdrawal thermal latency and paw-
withdrawal mechanical threshold with a radiant heat
stimulator and von Frey filaments, respectively, applied to
the injection site or the surrounding area [3, 4].

Before describing the nociceptive (surrogate of painful
sensation) effects of melittin, we first introduce the
behavioral responses of animals to s.c. bee venom injec-
tion. In rats, the behavioral responses to such an injection
include both persistent spontaneous nociception and pain
hypersensitivity. Similar to the above descriptions in
human experiments, rats respond immediately to s.c.
injection of bee venom into one hindpaw by displaying
persistent spontaneous paw flinches and behaviors of
licking, lifting, and biting the injected paw [43—46]. The
bee venom-induced spontaneous nociception reaches a
peak immediately after injection and lasts for at least 1 h
when 200 png bee venom (in 50 pL saline) is injected [43,
44]. Furthermore, such injections also result in primary
heat and mechanical hyperalgesia as well as secondary and
mirror-image heat hyperalgesia that lasts for 72-96 h [44—
46]. Meanwhile, dramatic local inflammatory responses
such as paw edema and plasma extravasation are induced
by s.c. bee venom injection [4, 43]. However, similar to i.d.
melittin injection in human volunteers, the peak of the bee
venom-induced local inflammatory response occurs 10-20
min later than the spontaneous nociception [4, 43]. From
the painful effects of melittin in humans and the nocicep-
tive effects of bee venom in animals, it is easily deduced
that melittin and other peptides might be unique in the
production of long-term pain sensation.

Bee venom is complex, with more than ten peptide con-
stituents [3, 4]. To evaluate the nociceptive and inflammatory
effects of these peptides, the crude venom of Georgian gray
honey bees (A. mellifera; kindly provided by Floret Ltd. and
its partner company New Techniques Laboratory Ltd., Tbilisi,
Georgia) was separated and purified by gel chromatography
and reverse-phase high-pressure liquid chromatography [22].
Four active polypeptides (melittin, apamin, mast-cell degran-
ulating peptide, and a novel PLA2-related peptide) were
successfully isolated, purified, and finally identified by both
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry and amino-acid sequence analysis. Then
inflammation- and pain-related behaviors were evaluated and
quantified in rats receiving s.c. injection of each peptide. All
four polypeptides resulted in dramatic local inflammatory
responses (edema) 1 h after injection. However, they had
different nociceptive and hyperalgesic effects. Although
melittin, mast-cell degranulating peptide, and PLA2-related

peptide induced distinct nociceptive paw flinches following
s.c. injection (100 pg in 50 pL saline), only the melittin-
induced spontaneous nociception lasted for nearly 1 h. Fur-
thermore, although both melittin and apamin resulted in heat
and mechanical hypersensitivity at the primary injury site,
only the melittin-induced primary mechanical hypersensitiv-
ity lasted >48 h. Accordingly, melittin is likely to be the major
polypeptide responsible for the prolonged painful stimulation
by bee venom injection, while the other polypeptides con-
tribute only to the early nociceptive responses within 10-20
min after injection [4, 43]. The melittin-induced nociceptive
responses can be partially inhibited by both pre- and post-
treatment with capsazepine (CPZ), a potent antagonist of the
thermal nociceptor transient receptor potential vanilloid
receptor (TRPV1), implying involvement of this molecular
target in the melittin-induced nociception [22]. CPZ also
reverses the melittin-induced primary heat hypersensitivity,
but has no effect on the melittin-induced primary mechanical
hypersensitivity [22]. Based on the unique nociceptive effects
of melittin and exclusion of the other compounds [47, 48],
melittin is proposed to play a central role in the production of
the long-lasting pain, hyperalgesia, and local inflammation
following s.c. injection of bee venom [4, 43].

Electrophysiological Recordings

A unique property of algogens is that they are able to
activate primary nociceptors in the periphery, and then
result in activation and sensitization of the nociceptive
(pain-related) neurons in the CNS [24, 26]. Thus, both
in vitro and in vivo electrophysiological recording tech-
niques have been used to assess the effects of melittin on
the nociceptive neurons in the dorsal root ganglia (DRG)
and the dorsal horn of the spinal cord.

To understand how primary nociceptors respond to
melittin, its direct effects have been examined using
in vitro whole-cell patch-clamp recording from primary
sensory neurons acutely dissociated from the rat DRG [23].
Topical application of melittin resulted in a distinct rise in
the intracellular calcium concentration ([Ca®"];) in 69% of
the small-to-medium (20-35 pm in diameter) DRG cells. In
current-clamp mode, following topical application of
melittin, 55% of the recorded DRG neurons depolarized,
and this was followed by tonic firing for 70-1200 s. Most
of the melittin-responsive DRG cells were nociceptors
because the action potentials (APs) exhibited electrophys-
iological characteristics of typical primary nociceptor
cells: (1) a long AP duration and a prolonged after-
hyperpolarization; (2) an inflection on the falling phase,
which is generally considered characteristic of nociceptors.
They were also sensitive to capsaicin or IB4-positive for
immunofluorescent labeling. In in vivo recordings from
single fibers, melittin activates physiologically-identified
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primary mechanical nociceptors and mechano-heat noci-
ceptors when injected into the cutaneous receptive field of
a single fiber [49]. This report strongly supports the in vitro
studies. Together, these results show that melittin can
activate and sensitize primary nociceptors.

In extracellular single-unit recording, injection of
melittin into the cutaneous receptive field of spinal wide-
dynamic-range (WDR) neurons, a class of pain-signaling
neurons, results in a dose-dependent increase in AP firing
in anesthetized rats [21]. This melittin-induced AP firing is
completely blocked by local injection of CPZ, suggesting
that melittin can activate the spinal dorsal horn pain-
signaling neurons through direct actions on the thermal
nociceptor TRPV1 at the peripheral injection site. Local
injection of melittin also results in hyper-responsiveness of
spinal WDR neurons to both thermal and mechanical
stimuli, leading to a leftward shift of the stimulus-response
curve relative to controls. This suggests that s.c. melittin
can cause a functionally-sensitized state in spinal pain-
signaling neurons. The melittin-induced activation and
sensitization of spinal dorsal horn WDR neurons is quite
similar to that induced by s.c. bee venom injection in terms
of both intensity and time-course [21, 50, 51]. The melittin-
induced long-lasting activation of spinal WDR neurons can
be suppressed by inhibition of the extracellular signal-
regulated kinases (ERKSs) at both the spinal and peripheral
levels [52-54].

Molecular Targets of Melittin on Primary
Nociceptor Cells

To unravel the molecular and cellular mechanisms of
melittin-induced pain (nociception), molecular targets have
been searched for pharmacologically using either whole-cell
recordings from DRG cells or behavioral tests. First, an
experimental cellular model was designed to evoke inward
currents in the DRG cells by topical application of melittin
(2-10 pmol/L for 200-300 s, 20-s intervals) and then
blockers or inhibitors of the candidate target molecules were
applied together with melittin to reveal which are involved in
the genesis of melittin-evoked inward currents [23]. For
instance, voltage-clamp recordings at a holding potential of
—70 mV have shown that melittin can evoke large inward
currents in ~50% of DRG neurons in a concentration-de-
pendent manner [23]. In addition, repeated application of the
lowest concentration of melittin results in an increased
amplitude of the inward currents, suggesting that melittin
induces sensitization in the primary nociceptors [23]. On the
other hand, molecular targets can also be studied pharma-
cologically using animal behavioral tests in which pre- or
post-administration of a blocker or inhibitor of the candidate
molecular target can be performed. In general, two sets of
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mechanisms are likely to be involved in the melittin-induced
pain and hypersensitivity [3, 4]: (1) direct action on the
primary nociceptors (Fig. 1), and (2) indirect action on the
primary nociceptors through other algogens, pro-inflammatory
and inflammatory mediators released by mast cell-
degranulation, tissue damage, and immune responses
(Fig. 2). As a consequence, melittin activates cation channel-
carrying nociceptor cells leading to pain sensation. It can
also enhance the activity of nociceptor cells by regulating or
modifying various ligand-gated and G-protein-coupled
receptors (GPCRs) via intracellular cascades, leading to pain
hypersensitivity (hyperalgesia and/or allodynia).

Direct Actions on Primary Nociceptor Cells:
Activation and Sensitization of TRPV1 Receptors
via PLA2 Cascade Pathways

It has been demonstrated that melittin activates TRPV1
receptors via PLA2 cascade pathways. TRPVI1, a non-
selective cation channel with high permeability to Ca®",
belongs to a class of structurally- and functionally-identi-
fied molecular sensors mediating thermal and chemical
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Fig. 1 Direct actions of melittin on primary nociceptor cells.
Following subcutaneous injection of a low concentration of melittin,
phospholipase A2 (PLA2) is activated and catalyzes the production of
arachidonic acid (AA) from phospholipids. AA is further catalyzed by
lipoxygenases (LOXs) to produce hydroperoxyeicosatetraenoic acids
(HETES) that serve as endogenous ligands to open TRPV1 receptor
channels, leading to Ca”" influx and membrane depolarization.
Meanwhile, AA is also catalyzed by cyclooxygenases (COXs) to
produce PGs that enhance the activity of TRPVI, leading to
sensitization of the primary nociceptors.
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Fig. 2 Indirect actions of melittin on primary nociceptor cells. A Following
subcutaneous injection of a high concentration of melittin, the tissue matrix
and mast cells are damaged by its pore-forming effect, resulting in the release
of algogens such as H', ATP, and 5-HT. These pain-inducing substances
open the ligand-gated receptor channels such as the purinergic P,X; receptor,
acid-sensing ion channels, and 5-HTj, leading to cation influx. B On the
other hand, histamine, bradykinin, and ATP released by the pore-forming
effect on the tissue matrix also activate GPCRs such as H1, P2Y, and B1/B2
that result in the phosphorylation of PLC. PLC cleaves phosphatidylinositol
4,5-bisphosphate into diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate
(IP3). DAG is an endogenous activator of TRPC. When TRPC is activated
by DAG, a subpopulation of primary nociceptor cells that do not express
TRPVI1 are depolarized. Mitogen-activated protein kinases, including
extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase
(JNK) and p38 MAPK are also involved in the process of melittin-induced
pain and hypersensitivity, possibly through activation of PLC as well.

nociception [24, 26]. In the cellular model, the melittin-
induced inward currents and [Ca2+]i rise are completely
blocked by co-application of CPZ, a selective TRPV1
antagonist, in a reversible manner, suggesting the existence
of a selective action of melittin on the TRPVI1 cation
channels of primary nociceptive neurons [23]. Moreover,
because the average response latency of melittin-sensitive
DRG cells is long-term delayed up to 124 £ 57 s, the
inward current is likely to be mediated by slow intracellular
cascades rather than single fast transmembrane effect.
Further experiments have shown that: (1) inhibitors of
PLA2, but not phospholipase C (PLC), suppress the
melittin-induced inward currents; (2) inhibitors of
cyclooxygenases (COXs) and lipoxygenases (LOXs), two
key components of the arachidonic acid (AA) metabolism
pathway, each partially suppress the inward current evoked
by melittin; and (3) inhibitors of protein kinase A, but not
of PKC, also abolish the melittin-induced inward currents.
Because melittin is a powerful PLA?2 activator and releases
AA from plasma membrane phospholipids [16-20], it is
likely that topical application of melittin can cause the
release of COX/LOX metabolites such as PGs and
hydroperoxyeicosatetraenoic acids (HETEs) by activating
the PLA2-COX/LOX pathways. As reported previously,
HETEs, as LOXs products, are endogenous ligands of
TRPV1 receptors [24]. Together, these results indicate that
melittin can excite primary nociceptive neurons at least in
part by activating TRPV1 receptors via PLA2-LOXs-
HETEs, leading to pain, or sensitize primary nociceptive
neurons in part by enhancing TRPV1 receptors via PLA2-
COX-PGs, leading to pain hypersensitivity (Fig. 1) [4, 23].

Indirect Actions on Primary Nociceptor Cells:
Activation of Ligand-Gated Receptor Channels
via Tissue-Derived Algogens

Based on the pore-forming actions of melittin, it is possible
that pain-producing substances such as H*, ATP, and 5-HT
are released by mast-cell degranulation, tissue damage, and
immune responses (Fig. 2A). It is well known that protons
directly activate TRPV1 and acid-sensitive ion channels
(Figs 1 and 2A), while ATP and 5-HT activate ATP P2X3
receptors and 5-HT3 receptors, respectively (Fig. 2A),
leading to opening of these ion channels and an influx of
cations (Na™ and Ca?") and depolarization of free nerve-
endings in and surrounding the injection site. One impor-
tant line of evidence has shown that, in the melittin-
induced inflammatory pain state, post-treatment of the
primary injury site with s.c. injection of A-317491, a potent
P2X3/P2X2/3 receptor antagonist, significantly suppresses
the development of melittin-evoked persistent nociceptive
paw flinches and primary mechanical and thermal pain
hypersensitivity [55].
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Indirect Actions on Primary Nociceptor Cells:
Activation of TRPC Receptors via GPCR-Mediated
Pathways

Similar to TRPV1, the TRPC family also contains non-
selective cation channels that are highly permeable to Ca®*
when activated [24]. It is known that TRPC1, TRPC3, and
TRPC6 are the major subunits localized in rat DRG cells
[56]. Unlike TRPV1 channels that use HETEs as endoge-
nous activators, TRPC3/6/7 channels use DAG as the
endogenous activator. It is well known that PLC cleaves
phosphatidylinositol 4,5-bisphosphate into DAG and IP3
that depends upon the activation of GPCRs. As ATP, his-
tamine, 5-HT, bradykinin, and even glutamate can be
released by mast-cell degranulation and the tissue damage
caused by melittin’s pore-forming effect, they can serve as
endogenous ligands of GPCRs in the free nerve-endings of
primary nociceptor cells. As a line of supporting evidence,
treatment of the primary injury site with Reactive Blue 2,
an antagonist of ATP P2Y receptors, significantly attenu-
ates nociceptive paw flinches as well as primary thermal
and mechanical hypersensitivity, implying the involvement
of ATP GPCRs in the melittin-produced pain processes
[55]. Also because PLC can be activated by mitogen-
activated protein kinases (MAPKSs), the involvement of
ERKSs, p38 MAPK, and JNKs in the induction and main-
tenance of melittin-induced persistent nociception and pain
hypersensitivity can serve as another line of indirect evi-
dence for the production of DAG [57]. Finally, blocking
TRPC with SKF-96365, a potent antagonist of TRPC3/6/7,
inhibits the melittin-induced inward current and the [Ca”]i
rise [56] as well as melittin-induced pain-related behaviors
[58]. Because inhibition of PLC fails to suppress the
melittin-evoked inward current in CPZ-sensitive DRG cells
[23], it is possible that the SKF-96365-sensitive DRG cells
belong to another subpopulation of nociceptor cells con-
taining 1B4, but not TRPV1 [56]. Based on these data, it is
proposed that melittin indirectly excites primary nocicep-
tive neurons in part by opening TRPC receptor channels by
DAG, which is produced through activation of the GPCR-
mediated PLC signaling pathway.

Up-regulation of Na,1.8 and Na,1.9 Subunits
Contributes to Melittin-Induced Enhancement

of Sodium Currents in DRG Cells and Pain-Related
Behaviors

In a previous study [see Supplemental Fig. 1 of reference
23], melittin was shown to induce tonic AP firing in iso-
lated DRG neurons even in the presence of 500 nmol/L
TTX. Moreover, electrical stimulus-evoked AP firing in
small-to-medium-sized DRG neurons was resistant to
TTX. These data strongly suggest that the TTX-resistant
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Na* channels in primary sensory neurons contribute to the
melittin-induced effects. To label the DRG cells, the ret-
rograde tracer 1, 10-dioctadecyl-3, 3, 30, 30-tetram-
ethylindocarbocyanine perchlorate (Dil) was injected at the
melittin injection site two weeks in advance to allow full
labeling of the cell bodies of the DRG cells innervating the
glabrous skin of the rat hind paw [59]. Then, TTX-sensitive
and TTX-resistant voltage-gated Na® currents were
recorded in the Dil-labeled DRG neurons. Following s.c.
injection of melittin, significant increases in the Na™ cur-
rent densities mediated by Na,1.8 and Na, 1.9, but not the
TTX-sensitive current, were recorded [59].

Moreover, real-time PCR showed that the relative
mRNA levels of both Na, 1.8 and Na, 1.9 were significantly
increased by s.c. injection of melittin, so were their protein
levels as demonstrated by Western blot. Furthermore, the
number of Na,1.8- and Na,1.9-positive neurons also
increased in small-to-medium-sized DRG neurons, but not
in large NF-200 positive neurons, suggesting that the up-
regulation of Na,1.8 and Na,l1.9 subunits in primary
nociceptor cells contributes to the melittin-induced
enhancement of Na't currents [59]. However, antisense-
mediated knockdown of Na,1.9, but not Na,1.8, in the
DRG resulted in the inhibition of melittin-induced pain-
related behaviors [59]. In contrast, knockdown of Na,1.8,
but not Na, 1.9, relieved the inflammatory pain induced by
complete Freund’s adjuvant [60]. Patch-clamp recordings
from DRG cells dissociated from rats 2 h after s.c. melittin
injection revealed that the melittin-responsive cells were
the tonic type, but not the phasic type, in terms of elec-
trophysiological characteristics [61]. This suggests that the
tonic subpopulation of DRG cells is likely to be the key
primary nociceptor cellular type in the production and
conduction of AP firing induced by melittin and is involved
in the driving of melittin-induced spontaneous pain and
pain hypersensitivity.

Summary

In both humans and rats, melittin has been demonstrated
to be the unique pain-producing substance of honeybee
venom. It activates primary nociceptor cells directly and
indirectly due to its ability to activate plasma membrane
PLA2 and its pore-forming activity. The melittin-trig-
gered PLA2-LOX/COX down-stream metabolite path-
ways are involved in activating or enhancing TRPV1
receptor activity via HETEs or PGs, leading to the
depolarization of primary nociceptor cells. Meanwhile,
the algogens and inflammatory/pro-inflammatory media-
tors released from the tissue matrix due to the membrane
pore-forming effect of melittin activate primary noci-
ceptor cells through both ligand-gated receptor channels
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and the GPCR-mediated opening of TRPC channels. The
activation of tonic-type primary nociceptor cells may be
maintained by up-regulation of the Na,1.8 and Na,l1.9
subunits of voltage-gated Na* channels that facilitate the
generation of long-term AP firing, causing plastic chan-
ges in spinal WDR neurons, and subsequently resulting in
the occurrence of spontaneous nociceptive paw flinches
and pain hypersensitivity to thermal and mechanical
stimuli.
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